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Abstract 
The development of more robust, powerful and accurate analytical techniques have enabled 
scientists to study an increasingly intricate range of samples by providing novel ways to 
resolve and identify their chemical entities with greater confidence in a complex sample. The 
work presented in this thesis explores new analytical capabilities to enhance sample 
preparation, separation science especially multidimensional chromatography and detection 
technologies, and their applicability in food, metabolomics and forensic science. 
Many parts of the work involved food products that have had undergone some kind of 
processing; whether by irradiating them with UV (mushrooms) or inserting a new gene to 
enhance their nutritional content. According to our knowledge no one has performed a 
metabolomics investigation on these new foods. Previous studies on the mushrooms focussed 
on optimising the irradiation duration and intensity to maximise the amount of vitamin D, 
neglecting its effect on other metabolites. The transgenic plants have been engineered to 
produce omega-3 long chains in 2015; therefore they have not been studied at all. Moreover 
the entire process of profiling and quantifying metabolites using 2DLC is novel since most 
metabolomics studies to date use NMR spectroscopy and Gas chromatography. 
Solid phase extraction is most commonly utilised for quantitative extraction and pre-
concentration of analytes and/or sample cleanup. The development of micro solid phase 
extraction cartridges is very recent; the system tested in this study was only brought to market 
in 2014 and have never been investigated for on-column derivatisation methods before. This 
proof of principle demonstrates the possibility of performing on-column derivatisation of fatty 
acids. Our results show that on-column derivatisation suitable for metabolomics and 
lipidomics studies was possible with the micro SPE system and that the method allowed fast 
and accurate analysis with minimal sample separation. 
 xx 
Two-dimensional gas chromatography is a mature separation method known to provide high 
resolution and peak capacity required for the study of complex petrochemicals. The work in 
our laboratory has shown that the developed method enabled the distinction of various 
petroleum products available in the market. The simulated weathering experiments are also 
looking promising in providing an estimate of the time of fire. Additionally, this will lead to 
analysis of more complex samples and problems that forensic police are facing potentially the 
identification of suspects using individual evidence containing petroleum such as lipstick. The 
work demonstrates an optimised method for petrochemical products so as to provide forensic 
scientists a robust, fast and sensitive technique of characterisation during their analysis. 
The development of a two-dimensional liquid chromatography method is more challenging as 
fundamental factors such as column selection, sampling rate, compatible solvent systems 
among others need to be considered and optimised for a successful analysis. The development 
of an offline two-dimensional liquid chromatography methodology for metabolites profiling 
is demonstrated. Agaricus bisporus mushrooms irradiated with UV light are used as an 
example to test this method and to show the viability of the method to detect changes in 
metabolite concentration. The detection of up to 150 peaks was achieved, of which the 
concentrations of 72 were found to increase and 47 compounds to decrease. Although the 
developed method took several hours per sample, the increase in peak capacity resulted in the 
separation of a greater number of compounds than 1D-HPLC, NMR spectroscopy or GC-MS 
based analysis and without the need for chemical derivatisation with economic costs being 
roughly equal to the other methods. 
This research involved the development and assessment of new multidimensional 
chromatographic approaches for the analysis of complex natural samples. The optimised 
methodologies will be applicable applied to many diverse areas of research such as 
metabolomics, lipidomics, food and forensic science. Although not yet widespread the 
increased separation power of two-dimensional chromatography is of great potential in a large 
 xxi 
variety or areas, particularly for compounds that are too sensitive for mass spectrometry but 
contained in matrices too complex for standard LC analysis. The combinations of new column 
chemistries that could be used are many and varied and the use of size exclusion and chiral 
columns in the first dimension offers up many further opportunities for novel applications.  
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CHAPTER ONE 
 
 
 
1 Introduction to the research 
  
  2 
1.1 Sample dimensionality 
 
The analysis of complex matrices such as natural products, petrochemicals and biological 
samples is crucial to both industry and academia. One-dimensional (1D) chromatography - 
the method of choice for many years, faces significant limitations when applied to such 
complicated media.1, 2 A common issue is insufficient separation power (peak overlapping), 
resulting in poor resolution of the compounds of interest. Sample pre-treatment and pre-
separation is used to reduce the complexity of the sample in conjunction with de-convolution 
software; however these are not always successful.3, 4 They can increase analysis time, are 
prone to introduce artefacts into the data and do not allow a good representation of the entire 
sample. Extra separation space would be useful in many different fields, as set out in the 
following paragraphs. 
 
1.1.1 Metabolomics 
 
Metabolomics is a field where scientists encounter hundreds of compounds and need high-
resolution separation. It may be defined as the integrated analytical biochemistry and 
bioinformatics study of the different metabolomes and involves profiling as many small 
molecules as possible in a biological system through large-scale, non-targeted or targeted and 
high throughput determination of metabolites in a biological system. Metabolomics is 
beneficial to many fields including biomedicine (diabetes, gene/protein function, drug action, 
biomarker of cancers or microbial infections), agriculture (crop tolerance to abiotic stress, 
wheat pathogen, phosphorus availability in soil water), nutrition (probiotics, bio-fortification 
of cereals) and even environment (waste water analysis, bio-monitoring water ways, biofuel 
sources). However, the challenge of metabolomics is to comprehensively cover the analysis of 
  3 
as many compounds as possible; at present this is hindered, by the wide chemical diversity 
(size, weight, polarity, stability) of metabolites in a sample, high availability of abundance, 
and establishment of the different approaches for extraction, separation, detection and 
quantitation, and identification of novel compounds. 
 
The primary goal of metabolomics as a field is the analysis and unbiased relative 
quantification of every metabolite (such as sugars, amino, organic and fatty acids, nucleotides 
and many others) in a biological sample, be that cell/tissue extracts, biofluids or even whole 
organisms.5 Due to the sheer diversity of compounds present in most biological samples and 
their correspondingly large range of concentration levels and physicochemical properties, we 
are heavily reliant on a range of advanced analytical instrumentation for the separation and/or 
detection of small molecule metabolites. Nevertheless, there is no one analytical technique 
capable of analysing an entire metabolome. Consequently, most metabolomics studies utilise 
a number of different metabolite-profiling techniques, each of which have advantages and 
disadvantages.6 Nuclear magnetic resonance spectroscopy (NMR) is, for example, fast, 
reproducible and non-destructive but lacks the sensitivity of mass spectrometry. Gas 
chromatography linked to flame ionisation detection (GC-FID) or mass spectrometry (GC-
MS) is sensitive and reproducible but is limited to compounds that are (or can be made) 
volatile. Liquid chromatography mass spectrometry (LC-MS) can detect a large range of 
metabolites and has high sensitivity. Various spectroscopic techniques, such as Raman and 
Fourier transform infrared spectroscopy (FT-IR), as well as electrophoretic methods such as 
capillary electrophoresis mass spectrometry (CE-MS) also show promise for metabolomics. 
The former, however, suffer similar limitations as NMR spectroscopy in terms of sensitivity, 
while the latter technology is not yet robust enough for the high throughput sample analysis 
critical to metabolomics. 
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Of the techniques outlined above it would seem that LC-MS shows the most promise for 
metabolomics and there has been a large growth in this area in recent years, as seen by the 
number of papers published on this topic (Figure 1.1).  
 
 
Figure 1.1 Bar chart showing number of papers returned with the search term "two 
dimensional AND liquid chromatography" at http://www.sciencedirect.com/ in 2016 
 
 
There are some potential issues with LC separations in metabolomics. Many highly polar 
metabolites, such as sugars, and the majority of amino acids are often not retained by 
conventional reversed-phase (RP) LC for example. Recent developments, such as HILIC 
(hydrophilic interaction liquid chromatography)7 and aqueous normal phase chromatography 
(ANP),8 have greatly increased metabolite coverage in biological samples via liquid 
chromatography with the detection of over 1000 compounds being reported in certain sample 
types.9 This is impressive, as for conventional liquid chromatography, the theoretical peak 
capacity is limited to about 1500.1 However, the use of very long columns is required for such 
analyses and run times of hours or even days may be required to attain such high values. In 
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addition, the increased numbers of peaks means that LC as a method can still been hampered 
by lack of chromatographic resolution and correspondingly crowded chromatograms, 
meaning certain metabolites may still go undetected. Two-dimensional liquid chromatography 
(2DLC) offers a way to solve increased peak capacity and separation power and thus has great 
potential in metabolomics.  
 
1.1.2 Mushroom metabolomics 
 
Mushrooms are known to have complex metabolomes containing a high proportion of 
complex carbohydrates such as chitin and glycogen, mannitol and trehalose; as well as 
proteins such as albumins, globulins and prolamines.10, 11 Minor constituents include lipids, 
amino acids, flavonoids, vitamins (notably thiamine and riboflavin), ascorbic acid and various 
minerals.10, 12 Many compounds extracted from mushroom species have also been associated 
with anticancer, antiviral and hypolipidemic activity and mushrooms are gaining an 
increasing importance in the food industry.13 At present, the white button mushroom 
(Agaricus bisporus) is one of the most commercially cultivated fungi and the market for this 
product continues to develop because of a growing interest in its dietary and health benefits.14 
In 1998 Mau et al15 reported a three-fold increase in levels of vitamin D (ergocalciferol) 
sufficient for daily adult requirements in A. bisporus mushrooms following their irradiation 
with ultraviolet light (UV) for 2 hours. Several studies were subsequently carried out to 
optimise and understand the conversion of ergosterol to vitamin D2 in mushrooms after UV 
treatment.16-18 
 
The interest in increasing levels of vitamin D in mushrooms arose for several reasons. Firstly, 
many studies have shown that there is a widespread incidence of vitamin D deficiency in 
populations worldwide.19-23 This has been attributed to people spending long hours indoors, 
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the widespread use of sunscreen lotion, and cultural practices such as veiling and covering, 
which all result in insufficient exposure to sunlight to convert cholesterol in the skin to 
vitamin D.19, 22, 24 Secondly, aside from its well known function in bone metabolism and 
calcium homeostasis, vitamin D has recently been shown to have a role in the regulation of 
the cell cycle (apoptosis and differentiation)25 and low levels of the vitamin in the body can, 
potentially lead to serious illnesses such as cancer, Parkinson’s disease and multiple 
sclerosis.26, 27 Another advantage of mushrooms is that they are one of the few, non-meat, 
products rich in vitamin D and so are a useful food product for those following a vegetarian or 
vegan diet.28 To date however, research on the effects of UV irradiation on mushrooms has 
focussed only on vitamin D and the effects on other metabolites remain unknown.  
 
1.1.3 Genetically modified organisms 
 
Recently the CSIRO (Commonwealth Scientific and Industrial Research Organisation) has 
genetically engineered plants to include algal genes to create plants that produce high levels 
of EPA and DHA.29, 30 However, metabolic engineering involves far more than simply 
inserting genes into a new species and merely possessing a gene does not mean that it will be 
expressed. There therefore remains much work to be done on how the new genes are 
incorporated into the recipient organisms genome and how the resulting proteins are 
integrated into biochemical networks. In this particular case such work will help us gain a 
better understanding of oil and starch metabolism in the resulting hybrid. In this project we 
aim to use advanced analytical and separation science techniques, in conjunction with 
metabolomics analysis to provide a better understanding of the biochemical pathways 
involved in oil production in the genetically modified grains a with the aim of optimising the 
oil output of DHA and EPA in the grain and grain based products. 
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Omega-3 oils (also called ω-3 fatty acids or n-3 fatty acids) are polyunsaturated fatty acids 
that provide many health benefits. There are three main forms. The short chain α-Linolenic 
acid (ALA) is found in plant seeds (e.g. chia and flax seeds) and many common vegetable 
oils.31 The longer chain compounds eicosapentaenoic acid (EPA) and docosahexaenoic acid 
(DHA) are both commonly found in marine (mainly fish and krill) oils. DHA and EPA are 
very important to human health and have been shown to lower incidence of heart disease, 
stroke, rheumatoid arthritis, kidney function, Alzheimer’s disease and asthma.32, 33 DHA is 
also known to contribute to the growth and mental development of children. Humans obtain 
ALA from plant sources and can convert it to DHA and EPA but only with a limited 
efficiency (around 22%). Longer chain Omega-3s in the human diet are primarily obtained 
from teleost fish (which in turn obtain them from microalgae). However, many people (such 
as vegetarians and vegans) cannot eat fish and even for those that can, declining fish stocks 
and poor fisheries management coupled with aquaculture’s current reliance on fish-based 
feeds means that additional sources of omega-3 are needed.34 
 
1.1.4 Arson investigations 
 
Another field where scientists face problems with very complex samples is forensic chemistry 
with a pertinent example being arson investigations. Arson costs heavily in human including 
civilian deaths and fire fighters and in monetary terms due to property damage. The use of 
flammable materials and accelerants such as kerosene, diesel or gasoline is very common. 
However different accelerants have different chemical profiles and the same accelerant 
obtained from different petrol station also have different chemical profiles due to the presence 
of minute impurities. Therefore chemical profiles of accelerants have long been used to trace 
possible suspects. Sample collection at the crime scene involves air sampling and fire debris 
collection although the latter is more likely to contain traces of hydrocarbon accelerants. 
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Analysis of fire debris involves extraction of the accelerants, instrumental analysis and 
interpretation of results. Because the accelerants are volatile and present in small amount in 
debris from the crime scene, a lot of research has been carried out on optimising the 
extraction protocols and concentrating the accelerants so that the results can be analytically 
significant. However instrumental techniques are yet to be improved. Commonly used 
instruments are GC-FID, GC-MS, GC-MS/MS, FT-ICR and GCxGC. 
 
1.2 Sample preparation 
 
1.2.1 Soxhlet Extraction 
 
The agricultural chemist, Franz Ritter von Soxhlet, first introduced the concept of the Soxhlet 
extraction while he was studying solid-liquid extractions protocols of lipids in milk.35 
Although the original method was focussed on the determination of fat content in milk, it was 
proven later that the selectivity and specificity of the extraction highly depended on the 
chemical nature of solvent/solvent mixtures used. Typically, a Soxhlet extraction is used 
when the desired compound has a limited solubility in a solvent, and the impurity is insoluble 
in that solvent. It allows for unmonitored and unmanaged operation while efficiently 
recycling a small amount of solvent to dissolve a larger amount of material. The solvent is 
heated to reflux. The solvent vapour travels up a distillation arm, and floods into the chamber 
housing the thimble of solid. The condenser ensures that any solvent vapour cools, and drips 
back down into the chamber housing the solid material. The chamber containing the solid 
material slowly fills with warm solvent. Some of the desired compound dissolves in the warm 
solvent. When the Soxhlet chamber is almost full, the chamber is emptied by the siphon. The 
solvent is returned to the distillation flask. The thimble ensures that the rapid motion of the 
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solvent does not transport any solid material to the still pot. This cycle may be allowed to 
repeat many times, over hours or days. 
 
During each cycle, a portion of the non-volatile compound dissolves in the solvent. After 
many cycles the desired compound is concentrated in the distillation flask. The advantage of 
this system is that instead of many portions of warm solvent being passed through the sample, 
just one batch of solvent is recycled. After extraction the solvent is removed, typically by 
means of a rotary evaporator, yielding the extracted compound. The non-soluble portion of 
the extracted solid remains in the thimble, and is usually discarded. 
 
1.2.2 Solid phase extraction 
 
Developed in the late 1970s, solid-phase extraction (SPE) is a well-used and exceedingly 
valuable sample preparation technique that has been in widespread use in analytical chemistry 
since the mid 1980s.36 SPE is most commonly utilised for quantitative extraction and pre-
concentration of analytes and/or sample cleanup. It is simple to perform and uses minimal 
amounts of time and reagents. Recent developments in SPE include the use of nanoparticles,37 
antibodies38 and molecular imprinted polymers39 to provide highly selective extraction 
mechanisms. 
 
SPE is not just limited to separation science however. Once analytes are loaded onto a 
cartridge it is theoretically possible to perform additional chemistry on them rather than just 
simple elution. For example antibody-based sorbent material could be used as the basis of a 
quantitative and/or quantitative colorimetric test for the presence of a particular compound in 
a sample, and refraction index matching of sorbents and solvents in see-through columns 
could be used to facilitate on-column visualisation of sample migration.40 This latter method 
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could theoretically also allow on-column spectroscopic analysis. A simpler methodology is 
the chemical modification of the compounds of interest to facilitate their later analysis. Such 
derivatisation reactions are often sensitive to atmospheric conditions such as moisture so they 
are generally not suitable for use in traditional SPE cartridges, which are often open to the air. 
Newly developed, micro-SPE cartridges however, bring the possibility of on-column 
derivatisation reactions closer. 
 
The development of micro-SPE cartridges is very recent; the system tested in this study was 
only brought to market in 2014 and have never been investigated for on-column derivatisation 
methods before. The cartridges are packed with a very small particle size sorbent of 3 µm, 
compared to 50-60 µm used in traditional SPE, and thus offer increased efficiency and 
resolution. This not only provides a more effective separation of the analytes from the sample 
matrix but the design of the system means the sorbent bed is sealed from the external 
environment so environmentally sensitive reactions are possible in the cartridge itself (see 
Figure 1.2). 
 
 
Figure 1.2 Derivatisation steps using micro-SPE cartridges. Image based on one 
provided by Eprep Pty Ltd. as part of a joint project. 
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1.3 Comprehensive Chromatography 
 
Put simply, multidimensional chromatography, either gas or liquid, involves coupling two 
columns, with uncorrelated retention mechanisms in series. During the analysis a sequential 
collection of aliquots from the first dimension is reinjected onto the second. When the column 
effluent from the first dimension is focussed and reinjected onto the second the effects of peak 
broadening are greatly minimised. The total peak capacity of the system is the product of peak 
capacities of each dimension and usually far exceeds that of one-dimensional systems. An 
illustration of this is shown in Figure 1.3. 
 
Multidimensional chromatography is a powerful separation technique that has undergone 
prominent developments in the past few years. Its separation power, based on multiple sample 
properties and coupled multiple chromatographic steps, is far superior to that of one-
dimensional techniques and therefore has the potential to address the limitations of one-
dimensional (1D) chromatography efficiently.41 However, multidimensional chromatography 
requires greater skill in method development and careful selection and assessment of various 
factors. For example, in 1D chromatography, choice of column packing material, particle size 
and flow rate are common parameters that need to be optimised to obtain the best separation. 
When performing two-dimensional (2D) chromatography, two separate separations need to be 
optimised simultaneously; additionally other crucial factors such as column selection, 
sampling rate, compatible solvent systems among others need to be considered and optimized 
for a successful analysis.42 
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Figure 1.3 Comparison of standard and comprehensive offline two-dimensional LC 
separation of mushroom metabolites. Data are shown as both a contour plot (panel A) 
and a three dimensional chromatogram (panel B) (after Pandohee et al. 43). The white 
dots in panel A represent detected peaks as determined using the method of Stevenson 
and Guiochon.44 
 
 
As mentioned above, optimisation of the entire analysis method can be laborious and requires 
high level of experience for a successful development. Firstly, it involves the choice of two 
different types of columns which is the most important and challenging investigation as if the 
columns are not orthogonal, retention of compounds will be similar in each column resulting 
in a poor separation and the usage of only a small fraction of the space multidimensional 
chromatography can provide.45 Secondly, optimisation of the second dimension will include 
factors such as elution time range so as to allow for optimal sampling of the first dimension 
by optimising flow rate, temperature and solvent for maximum resolution and speed. Other 
parameters that will be taken in consideration are solvent systems, gradient elution, sample 
loop volumes and detection techniques. 
 
Multidimensional chromatography offers a potential solution to this but requires two 
independent retention mechanisms, and strategies to avoid back-mixing (wrap around), while 
increasing instrumental complexity, and bringing additional difficulties in signal detection 
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and data handling. Many potential users of two-dimensional technology are put off by its 
apparent complexity, but modern two-dimensional liquid chromatography (2DLC) today is 
greatly facilitated by advances in software and is essentially ‘walk up and use’. The 
technology is relatively easy to run and the high-pressure capability of modern 
instrumentation allows high flow rates and correspondingly high-speed analysis and one no 
longer has to count individual peaks by hand. 
 
1.3.1 GCxGC 
 
Multidimensional gas chromatography is an established technique that has been widely 
applied in metabolomics, particularly for the analysis of plants and microbes, for some 
clinical applications, as well as in environmental, geochemical and materials sciences.46 
However, it is still limited to the analysis of volatiles or the volatile derivatives of non-volatile 
compounds.47  
 
Derivatisation reactions can also be time-consuming and potentially add artifacts. GC-MS 
suffers from size limitation and is not able to detect compounds of amus of above ~1000. This 
is not a problem for the majority of naturally occurring metabolites, but when they are 
derivatised into high molecular weight molecules then the size limitation of GC becomes an 
important factor to consider. Moreover, because derivatisation is a chemical reaction that aims 
at altering only a few functional groups at a time, it is difficult to derivatise all the compounds 
in a sample at once and hence perform a comprehensive analysis. Fewer compounds are 
therefore detected using GC-MS than in LC-MS. Another important point to note is that the 
mobile phase in GC is inert to the solutes used and has no role in relative retention or 
selectivity of the analytes, as the solute-mobile phase interactions are virtually zero. Because 
the intermolecular interactions are non-existent in GC mobile phases and a solute’s own 
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vapour pressure controls the distribution, a technique where the solute-mobile phase 
interactions exist will have the potential to distribute the solutes more efficiently. With LC, 
solute-mobile phase interactions are significant and solute distribution into the mobile phase 
is increased well above what would be provided by the solute vapour pressure alone. 
 
Two-dimensional liquid chromatography is, in contrast, a relatively new technique and just as 
in standard LC it does not require derivatisation of samples (although this can be used in some 
cases to improve peak shape, as recently demonstrated by Timms et al. 48). New 
developments in the technology involved offer increases in separation power, peak resolution, 
and reproducibility, making the technique of potentially great use in metabolomics. This 
review discusses the methodology of the technique, its application in metabolomics to date 
and its potential future. General conclusions and perspectives are also given. 
 
1.3.2 LCxLC 
 
Before discussing the potential metabolomics applications of two-dimensional liquid 
chromatography (2DLC) it is necessary to discuss and understand the technique itself. It 
should be noted that 2DLC analyses can be performed in one of two ways; either (i) heart-
cutting (sometimes written as LC-LC) or (ii) comprehensive analysis (usually written as 
LCxLC). Heart-cutting analysis involves the collection of one, or a few, peaks of interest 
from the chromatogram and reinjecting only these onto the second column (dimension). This 
usually works out to fewer than 10 injections. This mode of operation is very useful for 
separating out enantiomers and/or isomers and as such has previously found applications in 
pharmacological studies and biomarker isolation where a high peak capacity is required to 
separate the analyte(s) of interest from the matrix or interferences.  
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Heart cutting is useful for metabolomics because once reproducible retention times for 
particular metabolites or metabolite classes have been established it is possible to send only 
metabolites from particular groups (e.g. amino acids) to the second dimension and thus 
increase the signal to noise ratio and improve sensitivity, hence improving targeted 
metabolomics without extensive pre-sample preparation. 
 
In contrast, comprehensive 2DLC involves the transfer of the entire sample from the first to 
the second dimension. This mode offers a higher resolution, therefore, more information can 
potentially be obtained from the sample. A comprehensive approach is used for screening, 
and profiling, and is well suited for complex biological systems that require an ordered 
separation of the classes of metabolites and their constituents because it can increase the total 
number of metabolites detected in a particular run. Both heart-cutting and comprehensive 
2DLC can be performed in offline or online modes, which we discuss below. 
 
When designing a 2DLC methodology many parameters must be considered for its successful 
development. The most important ones include choice of stationary phases, sampling 
frequency of the first dimension, solvent compatibility, second dimension analysis time, 
sample loop volumes among others. Choosing the first and second columns is the most crucial 
and challenging factor as this determines the separation capacity of the system. The best result 
is achieved when two columns separate the compounds via different mechanisms. An 
orthogonal separation will spread the components of a sample using most of the separation 
space offered by the system because retention of the compounds with the stationary phase in 
the first dimension is different from the retention mechanism in the second dimension. Non-
orthogonal separation however will lead to no separation over the separation space, the peaks 
will be clustered and along a diagonal line. 
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2DLC allows a direct analysis with no time-consuming derivatisation although sometimes 
derivatisation can be used to improve chromatographic peak shape. This reduces the total 
analysis time significantly and also eliminates the risk of contaminating or adding artifacts in 
the sample. Coupling two different (orthogonal) columns also increases the overall peak 
capacity of the system, which will provide the baseline separation needed for identification 
and quantification.49 Moreover, 2DLC is flexible since the samples are in liquid phase it is 
best suited for biological samples, which are likely to degrade at high temperatures or are 
stable under a narrow range of chemical environments.50 
 
1.3.2.1 Offline 2DLC 
 
During the past 20 years two-dimensional liquid chromatography has been carried out by 
coupling two liquid chromatograph units, and using a fraction collector to collect multiple 
fractions of multiple samples run on the first unit to then be run on the second. This is time 
consuming as well as being challenging for the experimenter and engineers to set up and run. 
This project will utilise a state of the art 1290 Infinity 2DLC Agilent system, which has just 
been set up in our lab and is equipped with the best modules for high pressure and fast 
analysis. 
 
Offline 2DLC has actually been around for over thirty years but has recently undergone 
something of a resurgence. It is the simpler of the two techniques and has been applied in 
studies on food,51 traditional medicines,52 peptide digests,53 metabolomics43 and lipidomics54 
amongst others. It does not require a complicated instrumental set-up and can be performed 
with a standard 1DLC system consisting of an autosampler, a pump (usually binary or 
quaternary), a column oven, a detector and a fraction collector to sample the first dimension. 
The sample is injected and the eluent from the first column is collected in sample vials using 
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the fraction collector. These fractions are then re-analysed on the second column. Since the 
two dimensions are independent, there is no restraint on the analysis time of the second 
dimension. This implies that longer columns that will provide more theoretical plates can be 
used in both the first and second dimensions. Hence, the offline mode often affords a greater 
total peak capacity. Moreover the volume of eluent being transferred can be increased 
accordingly with the volume of the second dimension format to improve the sensitivity. 
Fraction collection also allows manipulation of the sample, such as pre-concentration, 
derivatisation or reconstitution into the appropriate mobile phase prior to injection into the 
second dimension.55 Although the instrumental set-up for offline 2DLC mode is simpler, it is 
more labour-intensive and since the eluent is in contact with more tubes there is a higher risk 
of cross-contamination, sample loss and introduction of artefacts. Furthermore, the total 
analysis time of an offline analysis is significantly higher (a few hours or days) than an online 
analysis.55 
 
Protocols for offline 2DLC method development have been outlined previously by Horvath et 
al.45 Important factors to note are that the first and second dimension conditions (column type, 
mobile phase composition, flow rate, gradient program and temperature) must usually be 
optimised separately. It is also necessary that the two dimensions are orthogonal. It is 
important to note that reference to orthogonal columns does not mean that they are literally 
connected perpendicularly to each other but simply that the column chemistries are diverse 
(and unrelated), meaning there is minimum correlation between their retention mechanisms 
which in turn allows greater separation. The choice of which two columns to use for a given 
separation is usually obtained via selectivity studies using multiple column types in 
conjunction with knowledge of column chemistry and this was recently the subject of a 
detailed review by Bassanese et al.56 The final separation can be maximized by optimising 
solvent composition, flow rate and temperature, for example, just as in standard LC. The 
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sampling rate is then determined so as to maintain the separation efficiency; for a truly 
comprehensive separation at least 3 or 4 fractions per peak should be analysed.56 
 
1.3.2.2 Online 2DLC 
 
Automated online 2DLC is a relatively new technique currently only really offered by the 
Agilent Technologies 1290 Infinity, Shimadzu Nexera-e, and some Waters Acquity 
instruments. Such systems require a more complicated instrumental set-up and elaborate 
method development. The general arrangement of the modules includes an autosampler, a 
column compartment (two if different temperatures are used for the two columns), and 
usually a switching valve to transfer the eluent from the first to the second dimension and 
advanced software (that controls both the valve and the solvent pumps) although the Waters 
systems can also make use of stop flow technology. The primary advantages of the online 
mode are automation and speed. The fact that no user is needed to collect fractions allows 
routine and high throughput analyses. Moreover the entire analysis is completed in essentially 
the time it takes to perform the first dimension separation.41 
 
An online 2DLC method can be complicated to develop and involves compromises in terms 
of volume of effluent transferred, analysis time of the second dimension and solvent 
compatibility.41 Schoenmakers et al.42 proposed a protocol for online 2DLC method 
development covering suitable column dimensions (length and diameters), particle sizes, flow 
rates, and second-dimension injection volumes (i.e. loop sizes). The protocol suggests that the 
experimenter selects the first dimension parameter details, which can include the maximum 
workable pressure drop, the smallest column diameter and the maximum acceptable (or 
essentially the total) analysis time, per sample.42 Poppe plots57, which offer a clear and 
unambiguous way to discuss the performance limits of separation systems, are then 
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constructed for these columns and a compromise is made for the best conditions in regard to 
factors such as particle size, flow-resistance factor, eluent viscosity and analyte diffusivity.42 
These are then used to determine the second dimension parameters including particle 
diameter, number of plates, column length and peak capacity.  
 
One of the main reasons for the increase in complexity for online 2DLC is that the speed of 
the second separation must be considerably higher compared to the first dimension. It is ideal 
that the sample be clear of the second dimension prior to the next injection otherwise this 
results in additional stress to the secondary pumps, as they are working at higher pressures. A 
further disadvantage is the increased price of these systems compared to single dimension 
systems. 
 
1.4 Method Development  
 
For successful development of an online LCxLC method, it is again important that the two 
dimensions are orthogonal to allow good use of the two dimensional separation space. Gilar et 
al.58 investigated the selectivity of various modes such as RP, SCX (Strong Cation 
Exchange), SEC (Size Exclusion Chromatography) and HILIC to identify LC-LC setups with 
useful orthogonality. It was found that a RP phenyl column x RP C18 combination, both 
working at a pH of 2.6 would be a correlated system, while the use of a RP C18 x RP C18 at a 
pH of 2.6 and 10 in the first and second dimension, respectively, would use a bigger portion 
of the separation space. Moreover, combining a RP C18 x HILIC or RP C18 x SCX would 
provide orthogonal separations especially good for peptides.  
 
The analysis time of the second dimension is the next parameter to optimise. Since the speed 
of the second separation dictates the sampling rate and flow rate of the first dimension, short 
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and rapid second dimension separations allow a higher number of fractions to be transferred 
to the second dimension (thus maintaining peak capacity) as well as appropriate sampling of 
the first dimension (3 to 4 fractions per peak). Numerous strategies, such as the use of 
monolithic columns, high temperature chromatography with zirconia columns or the use of 
sub 2 µm particles have been developed to increase the second analysis speed. The latter is 
highly advantageous as the use of small particles provides more theoretical plates and hence 
an increase in resolution in the second dimension. The use of core-shell particles are also very 
attractive for instruments that do not possess a UPLC pump as their second pump, as they 
operate at a lower backpressure than conventional particle stationary phases but still provide 
high resolution separations. 
 
The second dimension formats used are usually short (30 to 50 mm in length) and are 
conventional bore columns (internal diameter of 4.6 mm) so as to provide the shortest 
analysis time possible and allow the introduction of relatively large fraction volumes from the 
first dimension. The first dimension flow rate can be then adjusted (usually in the order of 
nano- or micro- litres per minute) so as the peaks are being sampled 3 to 4 times. In doing so, 
the resolution obtained in the first dimension is maintained throughout the second dimension. 
Murphy et al.59 showed that if the first dimension is under-sampled, that is the modulation 
ratio is less than 4, then some of the first dimension is lost in the sample loop. It was observed 
that at a modulation ratio of 3 the loss in resolution did not exceed 10%.60 The use of narrow 
bore (i.d 1.0 mm or 2.1 mm) or capillary columns is therefore highly recommended. In the 
online mode the optimum resolution is mainly attributed to the first dimension, with the 
second dimension providing the change in selectivity. In order to maximise the efficiency, 
long columns or serially coupled columns, are often used. 
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Mobile phase compatibility in the two dimensions is an important issue to consider when 
developing a 2DLC method. While the use of different mobile phases adds to the change in 
selectivity when performing a separation on 2 orthogonal columns (HILIC x RP or SEC x 
RP), it can also result in completely immiscible solvents, which would make the coupling of 
the columns impossible. Therefore, it is ideal that the mobile phase from the first column 
contain less organic phase compared to the second column. In the first dimension a shallow 
gradient program should be used because this will provide better peak capacity, while both 
isocratic and gradient elution are used in the second dimension. The use of isocratic 
conditions in the second dimension avoids the need for column re-equilibration at the end of 
the separation, which is desirable for fast separations. However, gradient programs are more 
efficient in eluting well-retained compounds.61 
 
A 2DLC can be coupled with all LC detectors including ultra-violet, photo-diode array, mass 
spectrometer or evaporative light scattering detection. It is important to note that a high 
acquisition rate is needed to ensure that enough data points are being collected from the sharp 
peaks obtained from the high-speed second analysis. Moreover, the use of a mass 
spectrometer, which is orthogonal to LC separations, offers additional information on the 
sample components. Therefore, when co-eluting compounds from highly complex samples 
they can be identified according to their mass. A summary of the different forms of liquid 
chromatography is given in Table 1.1. 
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Table 1.1 Summary of advantages and disadvantages of offline and online two-
dimensional liquid chromatography 
 
 Offline Online 
Interface Fraction collector Valve 
Sample treatment/pre-
concentration before 
second dimension 
injection 
Yes, including pre-concentration 
and derivatisation 
Not possible 
Total analysis time Significantly high (from hours to 
days) 
Relatively fast (almost as long as a 
one-dimensional separation) 
Analysis time of second 
dimension 
No time limit on separation time 
of second dimension 
Second dimension analysis time has 
to be less than first dimension 
analysis time so that the next 
sample can be injected 
Peak capacity Very high peak capacity can be 
obtained by using two long 
columns 
High 
 
Wrap around 
 
None 
Will occur if second dimension is 
not finished with all compounds 
eluted before the next injection 
Automation Not automated, risk of 
contamination, labour intensive 
Automated 
Data representation Stacked plots 2D (contour or projection) and/or 
3D 
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1.5 Data Analysis  
 
Two-dimensional liquid chromatography produces a substantial number of data files that 
require advanced software for data processing, graphing and interpretation.62 The data 
obtained from an offline 2DLC separation consist of several single chromatographic files (one 
datafile per cut), which can be presented as an overlay plot. With advanced computer 
programming software such as Mathematica, Origin or Matlab, it is possible to convert the 
raw datafiles into a matrix consisting of the first dimension, second dimension and signal 
intensity values, which are then used to make a 2-dimensional contour plot or a 3-dimensional 
plot. Such plots are by convention plotted with the first dimension retention time on the x-axis 
and second dimension retention time on the y-axis. A colour gradient is then used to show the 
intensity of the peaks. The 3D plot on the other hand represents the peak intensity in terms of 
the height of the peak. Since the analysis of the data requires advanced programming 
knowledge, sophisticated software and computing power, chemometrics has also been used in 
many cases. 
 
Data associated with 2DLC experiments is vast and sophisticated chemometric analyses must 
be performed to extract any meaningful information.63 Commonly used chemometric methods 
are principal component analysis (PCA), partial least-square regression analysis (PLS),64 
parallel factor analysis (PARAFAC)65 or the Generalised Rank Annihilation Method 
(GRAM).66, 67 Most chemometrics methods are used for the deconvolution of overlapping 
peaks, reduction of dimensionality of an analyte of interest, comparison of samples, in 
addition to the improvement in data quality by removing artifacts or correcting the baseline. 
Raw data can be analysed by dividing the separation area into bins and calculating the area 
under the resultant curves,68 however, several processes are used to simplify the dataset and 
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remove erroneous data (e.g. data generated from instrumentation spikes). Statistical analysis 
such as PCA and PLS have also been used to compare non-targeted 2D separations.69 
 
Chromatographic data are often pre-processed to remove noise and correct for baseline 
disturbances. The Savitsky-Golay70 filter has become a universal method to remove noise 
from scientific measurements. This algorithm not only smooths noisy data but also provides 
the first to third derivatives of recorded chromatograms, which in turn are used to examine the 
shape of the chromatographic curve, allowing overlapping and shouldering peaks to be 
distinguished and providing retention and area information of LC peaks.71, 72 For example 
XCMS is a free-to-use software platform that extracts peak information from metabolomics 
data in this way.68 The penalised least squares smoothing algorithm which is based on the 
method first described by Whittaker73 has also been applied to 2DLC74, 75 and was described 
in detail by Eilers.76, 77 This method has the advantage of not only reducing signal noise, but 
also approximating the baseline following an asymmetric least squares approach. Finally, 
wavelet transforms have been used to remove noise from HPLC and LC-MS data, which are 
used in MetSign and OpenMS systems.78, 79 Interestingly, wavelet analysis has also been 
applied to NMR spectroscopy based metabolomics data with some success.80 
 
Techniques to extract peak information from traditional chromatographic spectra can also be 
applied to 2DLC data. However, as several fractions per peak are transferred between 
dimensions a further processing step must be completed to assign a single multidimensional 
retention time per eluted compound. Peters et al.81 reported a protocol to judiciously combine 
features in neighbouring fractions by comparing the peak start and end times measured from 
the second derivative of chromatographic measurements; peaks were joined when the overlap 
surpassed a defined threshold. More recently, Vivó-Truyols82 refined this process by joining 
peaks on the basis of their conformation to Bayesian statistics. These processes have been 
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applied by researchers to assess similarities in retention characteristic between the two 
separation environments83 and find the cumulative area of 2DLC peaks by fitting Gaussian, or 
exponentially modified Gaussian, models to each successive chromatogram.  
 
In the methods discussed above, each fraction is analysed as a discrete chromatogram and the 
data then looked at as a whole. Alternatively, 2DLC data can be examined as a single three-
dimensional dataset (for example a mountain range where the dimensions are longitude, 
latitude and altitude) with the watershed algorithm,84 which has been adapted by Reichenbach 
and co-workers85, 86 to 2DLC chromatograms (available as GC Image software87 which is 
relatively easy to use but also expensive). Essentially the watershed algorithm is used to find 
geographical pits. When applied to 2DLC, inverted peaks are represented as basins that are 
subsequently filled with a hypothetical fluid. An algorithm can then be applied that filters all 
catchment basins that are below a given threshold thus creating a two-dimensional retention 
map. However, it has been reported that the watershed method is limited in that it cannot 
resolve the most complex datasets because it requires a crest between basins. This means that 
it has limited ability to distinguish between severely overlapping and shouldering peaks88 and 
has been found to fail approximately 15% of the time in GCxGC experiments.89  
 
When peak information is in hand, chemometric processes are also applied to 2D-HPLC 
measurements, usually to find changes in datasets. This is of particular interest when 
investigating metabolomic hypotheses.90 Principal component analysis (PCA) is a broad 
unsupervised approach to data analysis where samples are grouped and aligned along axes 
representing the greatest differences in separation behaviour.91 As such, it is a valuable tool to 
rapidly identify similarities and differences between unknown datasets, or to confirm 
hypotheses.92 Often, metabolomics studies are trying to find differences between two distinct 
classes of sample, e.g. sick and healthy. In these cases a supervised approach can be taken 
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such as partial least squares-discriminant analysis (PLS-DA).93 This has the benefit of training 
the algorithm with data from known classes, which is then used to create models from linear 
combinations of complex chromatographic data that differ from the provided quantitative 
information; these models can then be used to classify new unknown chromatograms. 
 
1.6 Metabolomics applications of two-dimensional liquid 
chromatography 
 
There is presently a clear need to expand coverage of the metabolome to a greater degree of 
sensitivity and selectivity while ensuring robust analytical performance and avoiding false 
discoveries. Multi-dimensional liquid chromatography is well suited to contribute to this task. 
Although it has not yet been widely applied in the field some promising studies have been 
published, although to date, most have used the offline approach. 
 
Fairchild et al.94 used off-line two-dimensional liquid chromatography with tandem mass 
spectrometry detection (2DLC/MS-MS) to assess aqueous metabolites extracted from 
Escherichia coli and Saccharomyces cerevisae cultures using a SCX x HILIC column set up. 
They developed a single set of chromatographic conditions for both positive and negative 
ionization modes and were able to detect a total of 141 metabolite species (92 for E. Coli and 
95 for S. Cerevisae with 46 in common). The method gave an overall peak capacity of 
approximately 2500. The work demonstrated that a single two-dimensional separation method 
is sufficient and practical when a pair or more of one-dimensional separations are used in 
metabolomics studies. However, in order to obtain a high throughput of samples the authors 
relied upon what they described as a 'workhorse approach' in which the first dimension was 
short and only a small number of fractions was collected. The second dimension and the 
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detector were relied upon for much of the separation power which in turn meant that the total 
peak capacity was lower than it might have been since some chromatographic performance 
was sacrificed to reduce the overall analysis time. This may not have been possible had the 
authors been relying on a detector other than a mass spectrometer (e.g. UV) that would not 
have contributed an additional dimension to the separation. 
 
Pandohee et al.43 also used the offline 2DLC approach with a diode array detector for the 
detector to study how the metabolic profiles of Agaricus bisporus mushrooms changed upon 
UV exposure. The authors tested several metabolite extraction methods, used selectivity 
studies to find the most orthogonal columns for the analysis, settling on a Cyano and a C18 
for the 1st and 2nd dimensions, respectively. The data were processed using custom written 
code in Mathematica. The method allowed the detection of 158 peaks from several different 
compound classes including sugars, amino, organic and fatty acids and phenolic compounds 
in a single analytical run, however, only 51 of these could be identified. The study gives a 
good overview of the 2DLC method development process and demonstrates the increased 
peak capacity and separation space of 2DLC and its potential in metabolomics since the 
method was able to identify a wider array of compounds than 1DLC, NMR spectroscopy or 
GC-MS. The run time, however, was several hours per sample and thus the method had the 
potential to be improved via the use of online 2DLC. 
 
Fully automated online 2DLC was used by Klavins et al.95 in conjunction with electrospray 
ionisation tandem mass spectrometry (MS/MS) to detect and quantify sugar phosphates in cell 
extracts from the methylotrophic yeast Pichia pastoris. An anion exchange column was used 
as the first dimension and porous graphitized carbon as the second. This particular study used 
the heart cutting technique and careful method development enabled chromatographic 
separation on the second dimension to be optimized for each transferred fraction, thus 
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minimizing the separation time and ensuring complete removal of the salt constituents of the 
AEC eluents. The method gave sub-µM limits of detection ranging between 0.03 and 0.19 µM 
for the investigated compounds. A total of 10 sugar phosphates (glucose-1-phosphate, 
glyceraldehyde 3-phosphate, glucose-6-phosphate, mannose-6-phosphate, fructose-6-
phosphate (F6P), ribose-5-phosphate, sedoheptulose 7-phosphate (S7P), 3-phosphoglyceric 
acid, 6-phosphogluconic acid and fructose-1,6-bisphosphate) were identified and perhaps, 
more crucially, were quantified by this technique. At first glance a method identifying only 
ten compounds does not sound like it is taking full advantage of the 2DLC technique, but 
quantification of sugar phosphates is a very complex task. The ability to separate out the 
phosphates of interest from the hundreds of other compounds in a typical yeast extract is of 
high importance, and this method combined the efficiency of anion exchange chromatography 
with the selectivity of MS/MS detection.   
 
Although not technically a metabolomics study, Kiffe et al.96 compared both one and two 
dimensional liquid chromatography (in the offline mode) in conjunction with MS to analyse 
urine and faeces from rats and mice for the structural elucidation of metabolites from drug 
candidate compounds during absorptions distribution, metabolism and excretion (AMDE) 
studies. This work also made use of heart cutting to transfer fractions of interest to a 2nd 
dimension and is worth including here since the compounds of interest had to be separated out 
from complex biological matrices in the same way as biological metabolites do. 
 
The radiolabelled version of the compound under test was created and fed to the test animals. 
Urine and faeces were then collected and the metabolites extracted. The samples were then 
run on standard one-dimensional liquid chromatography. Effluent from the first dimension 
was then collected in 96 well plates and potential metabolites were located by testing each 
fraction for radioactivity. A positive result indicated that the fraction held either the 
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radiolabelled parent compound or a radiolabeled metabolite derived from it. The fraction with 
radioactive metabolite fractions was then injected onto a second LC system with hyphenated 
MS detection for the identification and subsequent structural determination. The study 
showed that applying the 2DLC-MS approach enabled characterisations of major, minor and 
trace metabolites. This form of separation could clearly be very useful in fluxomic studies 
where the aim is to measure or predict the rates of metabolic reactions in biological systems97 
Such studies generally make use of radiolabelled material, for example by feeding such to 
bacteria, yeast or cell cultures and following the flow of radiolabelled material though a 
particular metabolic pathway.98 This task could potentially be made easier using the Kiffe et 
al.96 2DLC method to separate out the radiolabelled materials from all the other compounds 
present in a particular biological sample. Such a method could be used to track many different 
compounds though complex biochemical pathways 
 
Li et al.54 made use of online 2DLC, coupling normal and reversed-phase columns to a 
quadrupole time-of-flight mass spectrometer (QToF-MS) and applying the method to the 
comprehensive profiling of lipids in human plasma.  This method enabled the determination 
of 540 endogenous lipid species from 17 classes with the limit of detections of 19 validation 
standards in the ng/mL range. The authors also assessed the difference in lipid metabolism 
products from healthy individuals and those suffering from atherosclerosis. Levels of 
galactosylceramides in atherosclerosis patients were 1.5–2.8-fold higher than 
glucosylceramides in atherosclerosis patients compared to controls. Although the sample sizes 
were small (there were only 12 subjects in total), the study demonstrates the potential of 
2DLC to both lipidomic and atherosclerosis research. 
 
 
1.7 Synopsis  
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Chapter 1 – Introduction to the research- introduces the concept of 2DLC and 2DGC, the 
limits of each and the need for extra dimensions when analysing complex samples. The first 
chapter also outlines the project background, aims and objectives. 
 
Chapter 2 – Sample preparation explores new columns technologies for on-column 
derivatisation using micro-SPE columns. 
 
Chapter 3 - The use of comprehensive two-dimensional gas chromatography to 
investigate arson cases investigates the application of GCxGC in forensic science.  
 
Chapter 4 - Development of an offline two-dimensional liquid chromatography 
methodology - describes the development of an offline 2DLC method, and how 2DLC can be 
done without a fast second dimension and sophisticated instruments. The effect of irradiating 
mushrooms with UV on metabolism is discussed 
 
Chapter 5 – Derivatisation of fatty acids using novel fluorescent compound; evaluates 
'green' derivatisation compounds using computational modelling and experimentally. 
 
Chapter 6 – Future work – concludes the thesis and proposes future avenues of research. 
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CHAPTER TWO 
 
 
2 Sample preparation 
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2.1 Introduction 
Sample preparation is a critical part of any chromatographic separation. Most efforts in this 
area focus on shortening preparation time and maximising the effectiveness of any technique 
employed. Solid phase extraction is one of the most commonly used pre-concentration and 
clean-up steps used. However, traditional methods need electrically powered pumps, can use 
large volumes of solvent (if multiple samples are run), and require several hours to filter a 
sample. Additionally, if the cartridge is open to the air volatile compounds may be lost and 
sample integrity compromised. In contrast, micro-cartridges based solid phase extraction can 
be completed in less than two minutes by hand, uses only microliters of solvent and provides 
comparable concentration factors to established methods. It is also an enclosed system, so 
volatile components are not lost. However, the technology is new and so far relatively 
untested. 
 
The development of micro-SPE cartridges is very recent; the system tested in this study was 
only brought to market in 2014 and have never been investigated for on-column derivatisation 
methods before. The cartridges are packed with a very small particle size sorbent of 3 µm, 
compared to 50-60 µm used in traditional SPE, and thus offer increased efficiency and 
resolution. This not only provides a more effective separation of the analytes from the sample 
matrix but the design of the system means the sorbent bed is sealed from the external 
environment so environmentally sensitive reactions are possible in the cartridge itself. 
 
One field that commonly uses derivatisation to modify compounds of interest is 
metabolomics. In such studies trimethylsilyl (TMS) and acid-catalysed esterification is often 
used to modify fats and lipids into forms suitable for analysis using gas chromatography 
coupled with either a flame ionisation detector (GC-FID) or mass spectrometer (GC-MS). 
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Derivatisation also reduces analyte adsorption and improves detector response, peak 
separation and peak symmetry, which are all desirable for accurate analysis.99, 100 HPLC has 
also been used to analyse fatty acids as it avoids the degradation of heat-sensitive functional 
groups and can be also used on a preparative scale. However, fatty acids also need to be 
derivatised for HPLC analysis, not to make them volatile but to add a chromophore to make 
them detectable by ultraviolet light (UV).101 
 
The present study was undertaken as a proof of principle study and designed to assess the 
possibility of performing on-column derivatisation of fatty acids for metabolomics and 
lipidomics work. Such a procedure could save a significant amount of glassware and 
chemicals and also potentially allow for subsequent direct injection into a mass spectrometer, 
which would allow faster sample analysis in a range of studies. A novel on-column 
derivatisation technique using micro solid-phase extraction (SPE) cartridges has been 
evaluated and applied to the derivatisation of short-chain fatty acids in olive oil. 
 
2.2 Experimental 
 
2.2.1 Materials 
 
All chemicals used were analytical grade reagents and solvents were HPLC grade unless 
stated otherwise. Milli-Q water (18.2 MΩ) was obtained in-house. Acetonitrile was purchased 
from Ajax Fine Chem (Taren Point, New South Wales, Australia). Individual fatty acids 
standards (enanthic, caprylic; pelargonic; capric; undecanoic; palmitic and stearic acids) were 
purchased from AccuStandard, Inc (New Haven, Connecticut, U.S.A) and the 37-component 
FAME mix (10 mg/mL in methylene chloride) and boron trifluoride-methanol (10% w/w) 
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were bought from Supelco (Bellefonte, Pennsylvania, USA). Olive oil was purchased from a 
local market (Melbourne, Victoria, Australia). The ePrep micro SPE cartridges packed with 
the C18 stationary phase tested were a kind gift from ePrep Pty Ltd (Mulgrave, Victoria, 
Australia). 
 
2.2.2 Standard and sample preparation  
 
A solution of 100 µg/mL of the 37 fatty acid methyl esters standard was prepared to assess the 
GC-MS method. Once the GC-MS method was established an acid stock solution (10 µL/mL) 
of enanthic, caprylic; pelargonic; capric; hendecanoic; palmitic and stearic acids was made in 
acetonitrile for use in optimising the on-column derivatisation method. The stock solution was 
then further diluted to make solutions of 1, 2.5, 10, 50 and 100 ng/mL to create the calibration 
curve. The olive oil (10 µL) was dissolved in acetonitrile to a final concentration of 10 
µL/mL. 
 
2.2.3 Optimisation of derivatisation procedure  
 
2.2.3.1 Comparison of derivatisation time between previous procedures 
 
Conventionally, during an esterification, boron trifluoride in methanol (BF3-MeOH) is added 
to the sample and incubated at 80 °C for 90 minutes using the method outlined in Gullberg et 
al.102 The organic layer is transferred in a different vial, evaporated and reconstituted in 
hexane. The same procedure was used for the derivatisation in the SPE cartridges except there 
was no need to transfer the sample or reconstitute in hexane. Ribeiro et al.103 later showed that 
heating the samples at 90 °C for 10 minutes was more efficient in some cases. Therefore these 
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two esterification methods were compared. In short, 10 µL of sample and BF3-MeOH (10% 
v/v) was passed through the SPE cartridges and the latter were incubated for 80 °C for 90 
minutes or 90 °C for 10 minutes. The resulting FAMEs were then eluted with 150 µL of 
acetonitrile.  
 
2.2.3.2 Investigating mixing of reagents 
 
To the best of the authors’ knowledge the micro SPE cartridges have not been tested as a 
medium for on-column derivatisation. The first step in developing the method is to ensure that 
the derivatisation efficiency is optimal. Therefore mixing procedures in the micro SPE 
cartridges were investigated. The following studies were carried out:  
• Study A: 10 µL fatty acids, the cartridge was left for 1 minute and 10 µL BF3-MeOH 
 was added, then heated at 80 °C for 90 minutes; 
• Study B: 10 µL fatty acids, 10 µL BF3-MeOH, heated at 80 °C for 90 minutes; 
• Study C: Withdrew 10 µL BF3-MeOH and 10 µL fatty acids, injected all through 
 cartridge and heated at 80 °C for 90 minutes;  
• Study D: 10 µL fatty acids, 10 µL BF3-MeOH (as experiment B), heated at 80 °C for 
 10 minutes. 
• All derivatives were eluted with 150 µL of acetonitrile. 
 
2.2.3.3 Comparison of derivatisation time between repeated procedures 
 
The cartridge has a volume of 8 µL. The effect of sample volume and solvents were also 
tested from a range of 2 -12 µL to determine the optimal saturation volume needed to obtain 
maximum conversion of fatty acids to fatty acids methyl esters (FAMEs). 
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2.2.4 Instrumentation 
 
Analyses were carried out on a Varian Saturn 2200 ion trap system with CP-3800 GC 
consisting of a split/splitless injector with a Varian Saturn 3000 ion trap mass spectrometer 
(Agilent Technologies, Mulgrave, Australia). Experimental parameters were as follows: 
column BPX5 (30 m x 0.25 mm x 0.25 mm film) (SGE Analytical Science, Australia); 
temperature program, 70 °C heated to 130 °C at a rate of 10 °C/min, then to 230 °C at a rate 
of 5 °C/min and finally to 310 °C at a rate of 20 °C/min and then held constant for 5 min. 
Nitrogen was employed as the carrier gas with a flow of 1 mL/min. The injector was 
programmed to return to split mode after 2 minutes from the beginning of the run. The split 
flow was set at 50 mL/min and the injector temperature was held constant at 260 °C. The 
mass spectrometer was used in the positive electron impact mode at 70 eV. A mass range of 
45 to 450 m/z was scanned. Saturn GC-MS workstation software, version 6.8, was used to 
monitor the instrument and to perform data analysis (measurement of area, signal to noise 
ratio and % relative standard deviation (RSD). 
 
2.3 Results and Discussion 
 
2.3.1 Chromatographic conditions  
 
The choice of solvent for SPE is dictated by factors including solubility of the analytes and 
compatibility to the stationary phase of the sorbent bed. In the case of fatty acids, which are 
hydrophobic, non-polar solvents are preferable for elution. The compatibility of the cartridges 
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with methyl tert-butyl ether, ethyl acetate, chloroform, hexane and acetonitrile was therefore 
tested. The non-polar solvents such as chloroform and hexane were found to dissolve the SPE 
cartridge valve and thus were not used further. Acetonitrile was found to give the best results 
and also provided less backpressure in the SPE system than any other solvent and was 
therefore used for the remainder of the study. 
 
2.3.2 Optimisation of the derivatisation method 
 
In the initial investigations, the performance of the SPE on-column reaction was compared to 
the conventional method of derivatisation; that is, the reactions were performed in glass vials 
as controls (for comparison) using the method developed by Gullberg et al.102 This method is 
known to work well for 100 microliter volumes of fatty acids in many metabolomics studies 
but is not well tested at low (~10) microliter sample volumes. 
 
Derivatisation of the fatty acids (10 µL) was carried with 10 µL boron trifluoride in methanol 
(10% v/v) in an oven at 80 °C for 90 minutes in SPE cartridges and in control vials. After 
cooling, the FAMEs in the control vials were reconstituted with 150 µL of acetonitrile and the 
FAMEs eluted from the cartridges with the same amount of acetonitrile. Figure 2.1 shows a 
comparison of the chromatograms obtained when using the SPE cartridges (left) and vials 
(right). The most prominent feature is the selectivity of the SPE sorbent bed for short-chain 
fatty acids. 
 
The reaction is shown to be very efficient yielding a FAME content five times higher than 
was observed from the reaction in the vials for short-chain fatty acids. It is important to note 
however, that the fatty acid mix tested also contained fatty acids with long aliphatic chains 
(undecanoic, hexadecanoic and octadecanoic acids). While the latter were derivatised in both 
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situations they only appear in the samples from the glass vial based reactions indicating that 
the long chain fatty acids do not elute from the cartridge. It is likely that the interactions 
between the long chain fatty acids and the C18 in the sorbent are stronger than the interactions 
between the fatty acids and the acetonitrile, making this technique only useful for short chain 
fatty acids analyses if acetonitrile is used as the elution solvent. Conversely, as can be seen in 
Figure 2.1 the glass vials did not allow good recovery of short chain fatty acids at the ten-
microliter level. 
 
 
Figure 2.1 Chromatograms comparing the performance of derivatisation of the 7 fatty 
acids standards on micro SPE cartridges (left) and in control vials (right); (A): enanthic; 
(B): caprylic; (C): pelargonic; (D): capric; (E): undecanoic; (F): palmitic and (G): 
stearic acid. 
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2.3.3 Investigating mixing of reagents 
 
The next step in developing the method was to ensure that efficiency was at its maximum. 
Therefore mixing procedures in the SPE cartridges were investigated. Figure 2.2 shows the 
different steps involved to trap and derivatise the analytes on the cartridge. The following 
studies were carried out: Study A: 10 µL fatty acids, the cartridge was left for 1 minute and 10 
µL BF3-MeOH was added, heated at 80 °C for 90 minutes; Study B: 10 µL fatty acids, 10 µL 
BF3-MeOH, heated at 80 °C for 90 minutes; Study C: Withdrew 10 µL BF3-MeOH and 10 µL 
fatty acids, injected all through cartridge and heated at 80 °C for 90 minutes; and Study D: 10 
µL fatty acids, 10 µL BF3-MeOH (as experiment B), heated at 80 °C for 10 minutes. 
 
 
Figure 2.2 Comparison of derivatisation method for caprylic (Cy), pelargonic (No), 
capric (Ca) and undecanoic (Un) acids using micro SPE cartridges; n=3. (A): 10 µL fatty 
acid aliquot with the cartridge left for 1 minute after which 10 µL BF3–MeOH was 
added and the sample, heated at 80 °C	 for 90 minutes. (B): 10 µL fatty acid and 10 µL 
BF3– MeOH (in that order), heated at 80 °C for 90 minutes. (C): as with B but with the 
order of reagents reversed. (D): 10 µL fatty acid then addition of, 10 µL BF3–MeOH (as 
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with (B)), heated at 90 °C for 10 minutes. All derivatives were eluted with 150 µL of 
acetonitrile. NB: error bars are very small but are highlighted in red. 
 
It was important to ensure that the reaction was time-effective and the main factor that can 
decrease the time taken for the reaction is the temperature of said reaction. Two derivatising 
procedures specifically those of Gullberg et al.102 and Ribeiro et al.103 and two solvent mixing 
methods were compared, with the results being displayed in Figure 2.2 (Study B and D). It 
can be seen from Figure 2.2 that method D is not only the best performing reaction but was 
also the least consuming reaction. It produced the most efficient conversion of fatty acids to 
FAME and was faster four times shorter in length than the standard vial based method. This 
has clear advantages for biological studies. 
 
The derivatisation procedures were optimised by assessing the effects of variables such as 
minimum volume of sample required, temperature and duration of heating. Two main 
esterification methods were compared; the first one involved heating the organic phase with 
BF3–MeOH at 80 °C for 90 minutes and the second method was adapted from the method of 
Ribeiro et al.,103 which involved heating the samples at 90 °C for 10 minutes. The effect of 
volume of sample and solvents used was also investigated in order to determine the minimum 
volume required to achieve the maximum conversion of fatty acids to FAME. Since the 
volume of the sorbent bed is about 8 µL, the range tested was from 1 to 12 µL. The results are 
shown in Figure 2.3. 
 
As expected for the control reaction the amount of FAME obtained increased with the volume 
of fatty acids used (Figure 2.3). This is because as the reactions were carried out in vials, the 
reaction volume was not a limiting factor. A similar observation can be made with the SPE 
cartridges from 1 to 10 µL; reagent volumes greater than 12 µL however yield less FAME 
indicating that 10 µL (of sample and derivatising agent) is the optimum volume for this 
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reaction. This means the on-column derivatisation technique is well suited for studies using 
small sample volumes. 
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Figure 2.3 Effect of volume of derivatising agent on derivatisation of caprylic (Cy), 
pelargonic (No), capric (Ca) and undecyl (Un) acids; n=3. Derivatisation undertaken on 
micro SPE cartridges (top) and in vials (bottom). 
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Calibration curves for each FAME were made from solutions of 1, 2.5, 10, 50 and 100 ng/mL 
prepared from the 10 µL/mL stock solution. It was found that detection limits of caprylic, 
capric and undecylclic were 2 ng/mL and that of pelargolic was 2.5 ng/mL, which was lower 
than the detection limit using a vial. This result further indicated the potential of the on 
column derivatisation reaction. 
 
Table 2.1 Calibration curve results 
 
Fatty acids caprylic pelargonic capric undecyl 
R2 0.987 0.994 0.892 0.959 
Slope 7099 911 641 3529 
Intercept -47295 -329 7268 83335 
 
 
2.3.4 Application 
 
Figure 2.4 shows the chromatograms obtained from the derivatisation of olive oil on three 
different individual micro SPE cartridges with the C18 stationary phase and three control 
vials. This was undertaken to test the method on a real sample. Olive oil is a very valuable 
substance that is tested on a daily basis worldwide. Adulteration of olive oil with cheaper 
plant oils such as hazelnut or canola can be detected via the alterations in short chain fatty 
acid profiles that such mixing causes and thus our method has potential applications in the 
food industry. It was possible to use the on-column derivatisation method to quantify FAME 
in olive oil where the concentrations of pelargonic, capric and undecyclic were found to be 
54.4, 83.3 and 43.9 ng/mL, respectively. 
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Figure 2.4 Stacked chromatograms of the FAME present in olive oil using both the 
micro SPE and the standard vial based analysis. 
 
 
2.4 Conclusions 
The results show that on-column derivatisation suitable for metabolomics and lipidomics 
studies was possible with the micro SPE system and that the method allowed fast and accurate 
analysis with minimal sample separation. We have previously also shown it to be suitable for 
sample clean-up of complex matrices and to provide a short, fast separation prior to mass 
spectrometry based analysis.104, 105 Although the present study focused on the analysis of short 
chain fatty acids the principle demonstrates great potential for a variety of other novel 
chemical modifications to be made quickly and simply to samples prior to analysis. This 
method therefore has the potential to be used by scientists in many fields where such reactions 
are commonly used including (but not limited to) the pharmaceutical, biological/biomedical, 
environmental, food and forensic sciences.  
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CHAPTER THREE 
 
 
3 The use of comprehensive two-dimensional gas 
chromatography to investigate arson cases 
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3.1 Introduction 
 
Arson costs heavily in human including civilian deaths and fire fighters and in monetary 
terms due to property damage. The use of flammable materials and accelerants such as 
kerosene, diesel or gasoline is very common. However different accelerants have different 
chemical profiles and the same accelerant obtained from different petrol station also have 
different chemical profiles due to the presence of minute impurities. Therefore chemical 
profiles of accelerants have long been used to trace possible suspects. Sample collection at the 
crime scene involves air sampling and fire debris collection although the latter is more likely 
to contain traces of hydrocarbon accelerants. 
The aim of this chapter is to demonstrate the development of a 2DGC-FID method to allow a 
fast, sensitive and reliable analysis of the accelerants in arson cases. The particular factors of 
interests were  
 
i) whether different brands of petrol, diesel and other potential accelerants would 
differ enough that they could be identified by a 2D gas chromatographic 
fingerprint. 
 
ii) how weathering/exposure to air over time would affect these fingerprints; e.g. 
would BP petrol still look like BP petrol after a week in the open air and/or would 
it still be distinguishable from week old Caltex or other brands. 
 
iii) would we tell how long it had been since the petrol/fuel sample had been used by 
the change in its 2DGC profile over time? 
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3.2 Experimental  
 
3.2.1 Chemical and samples 
 
C8-C22 alkane standard mix (40 mg/L in hexane), diesel, gasoline (petrol), hexane (HPLC 
grade), kerosene, unleaded petrol, methylated spirits, mineral spirit, oil of turpentine and pure 
turpentine were obtained from Sigma-Aldrich (Saint Louis, USA). The alkane standard mix 
was diluted in hexane to 100 ppm prior to GCxGC analysis. Selected petrol samples were also 
obtained from petrol stations around suburban Melbourne and these include Caltex 91, Caltex 
98, Caltex Super, Shell 91, Shell 95, Shell 98, BP Diesel and Shell Diesel. 
 
3.2.2 Weathering 
 
Each accelerant (25 mL) was placed in separate 100 mL beakers and was allowed to 
evaporate in a fumehood over 5h at an average temperature of 25.0 °C. A portion (1 mL) of 
each sample was transferred using a micropipette to a vial, which was tightly sealed after 
collection. As a preliminary survey of the weathering effect sample collection was done at 
time 0.5h, 1h, 1.5h, 3.5h and 4.5h after the beakers were placed in the fumehood. All vials 
were analysed using GCxGC analysis. 
 
3.2.3 Instrumentation 
 
GCxGC analyses were carried out on an Agilent 1890 gas chromatograph (Agilent 
Technologies, Australia) equipped with a split/splitless injector and a flame ionisation 
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detector (FID). The first column was a 30 m x 250 µm x 0.25 µm DB-5MS (Agilent 
Technologies, Australia) and the second column was a 4.95 m x 250 µm x 0.25 µm HP-
INNOWax (Agilent Technologies, Australia). The two columns were interfaced using an 
Agilent G3486A capillary flow technology modulator (Agilent Technologies, Australia) 
operated with a 1.3 s modulation period. Hydrogen carrier gas was set at a constant flow of 
0.8 mL min-1 in the primary column and 21.4 mL min-1 in the secondary column. The total run 
time was 45 minutes with an oven program of 60 °C to 270 °C at 6 °C min-1. No secondary 
oven was used. The inlet was held at 300 °C, and operated in split mode with 0.2 µL injection 
at a 200:1 split ratio. The FID was operated at 270 °C collecting the data at a frequency of 
200 Hz. 
 
3.2.4 Data analysis 
 
Raw chromatographic data were exported from ChemStation (Agilent Technologies, 
Australia) as .CSV files. A principal component analysis (PCA) was done using Microsoft 
Excel. 
 
3.3 Results and Discussion 
 
3.3.1 One dimensional Gas Chromatography separation 
 
Figure 3.1 shows a one-dimensional separation of diesel. The chromatogram is very clustered 
due to the large number of compounds it contains. When individualising petrochemicals the 
sample complexity is very often an issue. In this case the hydrocarbons are separated 
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according to their boiling point. Aromatic and branched hydrocarbons tend to co-elute making 
it more challenging for individualisation. 
 
 
Figure 3.1 One-dimensional gas chromatography separation of diesel 
 
The use of a GCxGC method means that the sample is separated through 2 different 
mechanisms. Since the sample has more than one dimension it is attractive to use a technique 
that can separate the sample via more than one dimension. Figure 3.2 shows an example of 
how sample dimensionality is important in multidimensional chromatography. In this instance 
a linear C8-C20 hydrocarbon standard mix is used to show that in the first dimension the 
sample is eluted according to their boiling point, that is the shorter hydrocarbons which have a 
lower boiling point will elute before the longer hydrocarbons which have a higher boiling 
point, while the second dimension provides a more polar environment to separate aromatic 
hydrocarbons. GCxGC provides an increase in separation space, meaning that compounds 
that were co-eluting in the first dimension when separated on an orthogonal column to the 
first dimension will have more probability of getting separated. Therefore the GCxGC method 
offers more space to separate compounds that could not be separated using one-dimensional 
gas chromatography only. 
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Figure 3.2 GCxGC separation of C8-C22 hydrocarbon standards showing the 
importance of sample dimensionality 
 
3.3.2 Two-dimensional gas chromatography 
 
As described in Section 3.2.3 the choice of the stationary phases is one of the most important 
factors to consider when developing a GCxGC method. In this work a 30 m x 250 µm x 0.25 
µm DB-5MS (Agilent Technologies, Australia) and a 4.95 m 250 µm x 0.25 µm HP-
INNOWax (Agilent Technologies, Australia) were used as first and second columns 
respectively. The DB-5MS is made up of Phenyl Arylene polymer virtually equivalent to a 
(5%-Phenyl)-methylpolysiloxane, therefore the samples are separated according to their 
boiling point while the HP-INNOWax column is made up of poly(ethylene glycol) (PEG) 
which imparts the column with its polarity. Thus in the second dimension the sample is 
separated according to their polarity. The power of the GCxGC method is clearly obvious 
when analysis a more complex sample such as diesel as shown in Figure 3.3. 
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Figure 3.3 GCxGC separation of diesel 
 
3.3.3 Fingerprints of petroleum products 
 
Figure 3.4 compares the profiles of various unweathered petrochemical standards namely pure 
turpentine (A), kerosene (B), mineral spirit (C), oil of turpentine (D), gasoline (E), methylated 
spirits (F), unleaded petrol (G) and diesel (H). The fingerprints obtained from the GCxGC 
plots of the petrochemical standards were very distinct and could be identified by visual 
comparison. The least complex 2D plot was obtained from the accelerant methylated spirit 
(Figure 3.4 F) , which showed 2 peaks. Methylated spirit is known to contain a mixture of 
ethyl alcohol and methyl alcohol. Mineral spirit (Figure 3.4 C) was found to contain 
hydrocarbons with less than 10 linear carbons with little polarity. Despite originating from 
turpentine, pure turpentine (Figure 3.4 A) and oil of turpentine (Figure 3.4 D) show different 
contents. Pure turpentine was more complex than the oil of turpentine and had significantly 
more polar compounds. Both contain hydrocarbons with up to 16 linear carbons. The 2D plot 
of gasoline (Figure 3.4 E) was the least complex of the petrochemicals; the linear carbon 
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number ranged from 8 to 12 and branched hydrocarbons.Diesel (Figure 3.4 H) is found to be 
more complex with heavier hydrocarbons and more aromatics. The 2D plot shows a group 
classification of hydrocarbons (linear, branched and aromatics). Further mass spectrometry 
analyses have to be completed for identification of the hydrocarbons. The 2DGC showed that 
each petrochemical displayed a unique fingerprint that could be used to classify and 
determine their origin. 
 
Figure 3.4 Profiling of accelerants A: Pure turpentine, B: Kerosene, C: Mineral Spirit, 
D: Oil of turpentine, E: Gasoline, F: Methylated spirits, G: Petrol (unleaded), H: Diesel 
G 
A B
C D 
E F 
H 
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The effect of weathering of petroleum products obtained from petrol stations around suburban 
Melbourne was then investigated. The initial weathering process include a collection of 1 mL 
of petroleum product from a 25 mL sample every 15 minutes for 120 minutes, followed by 
collection at every hour until 240 minutes. The petrochemicals tested were Caltex 91, Caltex 
98, Caltex Super, Shell 91, Shell 95, Shell 98, BP Diesel and Shell Diesel. Figures 3.5 to 3.12 
show the 2D plots obtained from the weathering of Caltex 91, Caltex 98, Caltex Super, Shell 
91, Shell 95, Shell 98, BP Diesel and Shell Diesel, respectively, between the times 0 to 240 
minutes. 
 
It is observed that the 2D plots of the original petrochemicals are unique, furthermore, petrols 
from one provider (for example Caltex 91, Caltex 98 and Caltex Super or Shell 91, Shell 95, 
Shell 98) can be differentiated. The expected weather effect was that the low molecular 
weight hydrcarbons and other volatiles would evaporate leaving the heavier compounds in the 
beaker such that when the weathered samples would be analysed the 2D plots would have 
fewer peaks in the early stages of the run. The results of the weathering experiments showed 
that a negligible change on the 2D plots have occurred during the first 240 minutes of the 
experiments.  
 
To further investigate the effect of weathering, a principal component analysis was performed 
and the results are shown in Figure 3.15. 
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Figure 3.5	Caltex 91 at varying time in minutes A: 15 mins, B: 30 mins, C: 45 mins, D: 
60 mins, E: 75 mins, F: 90 mins, G: 105 mins, H: 120 mins, I: 180 mins, J: 240mins 
 
 
 
A B 
C D 
E F 
G H 
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Figure 3.6 Caltex 98 at varying time in minutes A: 15 mins, B: 30 mins, C: 45 mins, D: 
60 mins, E: 75 mins, F: 90 mins, G: 105 mins, H: 120 mins, I: 180 mins, J: 240mins 
 
 
 
 
A B 
C D 
E F 
G H 
I J 
  56 
 
Figure 3.7 Caltex Super at varying time in minutes A: 15 mins, B: 30 mins, C: 45 mins, 
D: 60 mins, E: 75 mins, F: 90 mins, G: 105 mins, H: 120 mins, I: 180 mins, J: 240mins 
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Figure 3.8 Shell 91 at varying time in minutes A: 15 mins, B: 30 mins, C: 45 mins, D: 60 
mins, E: 75 mins, F: 90 mins, G: 105 mins, H: 120 mins, I: 180 mins, J: 240mins 
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Figure 3.9	Shell 95 at varying time in minutes A: 15 mins, B: 30 mins, C: 45 mins, D: 60 
mins, E: 75 mins, F: 90 mins, G: 105 mins, H: 120 mins, I: 180 mins, J: 240mins 
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Figure 3.10 Shell 98 at varying time in minutes A: 15 mins, B: 30 mins, C: 45 mins, D: 60 
mins, E: 75 mins, F: 90 mins, G: 105 mins, H: 120 mins, I: 180 mins, J: 240mins 
 
 
 
A B 
C D 
E F 
G H 
I J 
  60 
 
Figure 3.11 Diesel at varying time in minutes A: 15 mins, B: 30 mins, C: 45 mins, D: 60 
mins, E: 75 mins, F: 90 mins, G: 105 mins, H: 120 mins, I: 180 mins, J: 240mins 
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Figure 3.12 Shell Diesel at varying time in minutes A: 15 mins, B: 30 mins, C: 45 mins, 
D: 60 mins, E: 75 mins, F: 90 mins, G: 105 mins, H: 120 mins, I: 180 mins, J: 240mins 
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Figure 3.13 BP Diesel at varying time in days A: 1 day, B: 5 days, C: 6 days, D: 7 days 
 
 
 
 
 
 
Figure 3.14 Shell Diesel at varying time in days A: 1 day, B: 5 days, C: 6 days, D: 7 days 
 
A B 
C D 
A B 
C D 
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3.3.4 Principal component analysis 
 
 
Figure 3.15 Score plot of principal component analysis based on petrochemical profiling 
analysis of all samples.  
 
Figure 3.15 shows the PCA analysis of the weathered petrochemicals. As expected the 
methylated spirits is discriminated from the other fuels since it has only 1 compound ethanol, 
oil of turpentine and pure turpentine are also separated from the rest of the petrol group. The 
methylated spirits group clearly shows the 4 samples, which were sequentially collected 
during the weathering experiments. The petrols were found to be on the left hand side of the 
plot in the positive region of the y-axis. Due to the high similarity of chemical components in 
the petrochemical matrix it can be challenging to separate the scores in a PCA. However, the 
PCA analyses show that it was possible to estimate the time the petrochemicals were allowed 
to evaporate. 
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Table 3.1 Sample labellings on Figure 3.15 PCA analyses 
 
 
Accelerant 
Time left in fumehood to weather (Hour) 
 
0.5 1 1.5 3.5 4.5 
1 Mineral spirits 2 10 18 26 34 
2 Oil of turpentine 3 11 19 27 35 
3 Gasoline (petrol) 4 12 20 28 36 
4 Methylated Spirits 5 13 21 29 37 
5 Unleaded Petrol 6 14 22 30 38 
6 Pure Turpentine 7 15 23 31 39 
7 Kerosene 8 16 24 32 40 
8 Diesel 9 17 25 33 41 
       
       
  
Amount weathered (%) 
   
25 50 75 >90 
3A Gasoline (petrol) 
 
2 3 4 8 
5A Unleaded Petrol 
 
5 6 7 9 
 
3.4 Conclusion 
 
The results show that the developed method enabled the distinction of various petroleum 
products available in the market. The simulated weathering experiments were also looking 
promising in providing an estimate of the time of fire. Further work will lead to analysis of 
more complex samples and problems that forensic police are facing potentially the 
identification of suspects using individual evidence containing petroleum such as lipstick. The 
ultimate aim of this work would be to optimise a method for petrochemical products so as to 
provide forensic scientists a robust, fast and sensitive technique of characterisation during 
their analysis. 
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CHAPTER FOUR 
 
 
4 Development of an offline two-dimensional liquid 
chromatography methodology 
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4.1 Introduction 
 
In 1998 Mau et al15 reported a three-fold increase in levels of vitamin D (ergocalciferol) 
sufficient for daily adult requirements in Agaricus. bisporus mushrooms following their 
irradiation with ultraviolet light (UV) for 2 hours. Several studies were subsequently carried 
out to optimise and understand the conversion of ergosterol to vitamin D2 in mushrooms after 
UV treatment.16-18 
 
In order to provide a better understanding of small molecule metabolism in mushrooms, 
efficient and powerful separation techniques are needed. Metabolite profiling in mushrooms 
has previously been undertaken using nuclear magnetic resonance spectroscopy (NMR) and 
gas chromatography-mass spectrometry (GC-MS).11, 106, 107 Cho et al.108 for example, found 
that NMR spectroscopy allowed for the identification of up to 10 compounds including 
sugars, amino acid and organic acids, while gas chromatography mass spectrometry was used 
by O’Gorman et al11 to identify just over a hundred metabolites including carbohydrates, fatty 
acids, phenolic compounds, amino acids and polyols. Both NMR spectroscopy and GC-MS 
present well-known problems for metabolomics analysis. NMR spectroscopy often lacks the 
required sensitivity and GC-MS requires the chemical derivatisation of the majority of 
biological molecules to more polar, thermally stable derivatives.100 
 
HPLC has been suggested to be a more suitable technique to analyse the diverse range of 
compounds found in plants and fungi due its high sensitivity and the fact that many 
compounds that are sensitive to the harsh environment of a GC-MS instrument are not 
degraded during HPLC analysis and thus there is no need for derivatisation prior to detection 
with this method. Nevertheless, 1D-HPLC does not provide a large enough peak capacity for 
the complete separation of complex natural samples.109 A potential alternative is two-
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dimensional (2D) HPLC. This involves coupling two HPLC columns with uncorrelated 
retention mechanisms in series; during the analysis fractions are collected from the first 
dimension and injected in the second dimension so that the total peak capacity of the system 
is the product of the peak capacity of each dimension.  
 
The aim of the chapter is to investigate the use of 2D-HPLC as a prospective new technique 
for metabolomics. The development of an offline 2D-HPLC method is presented and applied 
to the analysis of mushrooms, for the first time. The method was found to A) posses a large 
enough peak capacity to allow the separation and quantification of all the metabolites of 
interest in mushroom extracts and to B) enable a better understanding of the changes in the 
overall metabolic profiles which occur when mushrooms are irradiated with UV. 
 
4.2 Experimental 
 
4.2.1 Chemicals and reagents 
 
All mobile phases were made from HPLC grade solvents and all chemicals were analytical 
grade reagents; Milli-Q water (18.2 MΩ) was obtained in-house. Methanol (Isocratic, HPLC-
grade 254 nm) was purchased from Scharlau Chemie (South Australia, Australia) and 
acetonitrile was purchased from Ajax Fine Chem (Scorsby, Victoria, Australia), Ethyl acetate, 
ethanol, hexane, sodium hydroxide and potassium hydroxide pellets were obtained from 
Chem-Supply Pty Ltd (Port Adelaide, South Australia, Australia) and metabolite standards 
were purchased from Sigma Aldrich Pty Ltd (Castle Hill, New South Wales, Australia). All 
mushrooms were purchased from a single supermarket in central Melbourne (Victoria, 
Australia). 
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4.2.2 Sample preparation 
 
Mushrooms were randomly divided into control or test groups, with all experiments being 
performed in triplicate. Mushrooms from the test group were irradiated with UV (254 nm) for 
30s using a UV lamp (Model number E-14/F, Spectronics Corporation, New York City, 
USA). Control groups were used as received. 
 
For the extraction individual A. bisporus mushrooms were crushed under liquid nitrogen to a 
fine powder, which was then used for the metabolite extractions. Two metabolite extraction 
procedures were compared; these were the commonly used methanol/chloroform/water 
solvent extraction110 and Soxhlet extraction using three different solvents (methanol, 
chloroform and ethyl acetate).  
 
4.2.3 Extraction of metabolites 
 
For the Le Belle extraction,110 powdered mushroom (100 mg) was sonicated for 15 minutes in 
600 µL chloroform-methanol mixture (2:1 v/v). Chloroform and water (100 µL of each) were 
then added and the tubes were centrifuged for 20 minutes at 13,200 rpm. The organic and 
aqueous layers were then transferred to different vials and the solvents were evaporated to 
dryness either by leaving the vial in a fumehood for 24 hours (for the organic layer) or by 
using a gentle flow of nitrogen for 1 h (aqueous layer). Extracts were then reconstituted in 
methanol and stored at <4 °C until use (within 24 h). 
 
For the Soxhlet extractions samples were prepared from 1 g of powdered mushroom placed in 
a Soxhlet apparatus with 300 mL of solvent held at the boiling temperature of the solvent for 
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1.5 h as per the method of 111. The extract was then removed and the extraction repeated with 
another 300 mL of solvent for an hour and the two extracts were then combined, evaporated 
to dryness under vacuum at room temperature, then reconstituted in methanol and stored at <4 
°C until use (within 24 h).  
 
Since the mass of mushrooms used in the Le Belle extraction (100 mg) was ten times lower 
than the mass of mushrooms used in Holland’s method (1 g), the extract from Le Belle’s 
method was reconstituted in 10 times less solvent than that from the Soxhlet method (0.1 and 
1 mL respectively). This ensured that each technique was directly comparable. All samples 
were filtered through a 0.45 µm PTFE filter (Sigma Aldrich) before HPLC analysis.  
 
4.2.4 HPLC column types 
 
Six different stationary phases were tested for this study. These were a Luna Cyano (CN), 
Luna C18, Luna NH2, Luna pentafluorophenyl (PFP), Luna Phenyl-hexyl and a Kinetex C18. 
All columns were purchased from Phenomenex (Melbourne, Victoria, Australia) and had 
dimensions of 150 mm x 4.6 mm, a particle diameter of 5 µm and a pore size of 100 Å. 
 
4.2.5 Method development 
 
Prior to the metabolomic analysis, a selectivity study was performed using the mushroom 
extract that was found to contain the most number of components (mushrooms extracted in 
ethyl acetate using the Holland method). The selectivity study involved comparing the 
previously listed columns using a mobile phase composition that started at 5% methanol (95% 
water) and rose to 100 % methanol by 20 minutes; the methanol was held at 100% for another 
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10 minutes to ensure that all components are eluted from the column. The quality of the 
separation was determined by comparing the number of peaks and the use of the total 
separation space for each column (see section 3.2). The same procedure was repeated for all 
columns that could potentially be used as a second dimension and the two columns providing 
the most dissimilar separations were chosen as the first and second dimensions. Both 
dimensions were then further optimised (solvent composition, flow rate, temperature) in the 
laboratory so that the analysis time was as short as possible. 
 
4.2.6 Instrumentation 
 
The samples were analysed on an Agilent 1260 HPLC system consisting of a degasser, a 1290 
binary pump, autosampler, column oven and a Diode Array Detector (DAD) (Agilent 
Technologies Ltd. Pty., Victoria, Australia). A Gilson FC204 fraction collector (John Morris 
Scientific, Balwyn, Victoria, Australia) was connected at the end of the column for sampling 
the first dimension. All collected fractions were analysed on the second dimension using the 
same instrument except that the end of the second column was connected to the DAD instead 
of the fraction collector. Chemstation software (Agilent Technologies) was used to monitor 
the hardware and for data acquisition. 
 
4.2.7 Optimised experimental parameters for 2DLC 
 
After the preliminary selectivity study described above, the CN and the C18 (Kinetex) 
stationary phases were chosen for the first and second dimension respectively. The mobile 
phase for the first dimension started with 5% methanol, the gradient was increased linearly to 
100% methanol (at a flow rate of 1 mL min-1) by three minutes and then held for a further 
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three mins to ensure all metabolites were eluted. Fraction collection was time-based and 
triggered to start at 0.40 minutes of the first dimension and run until 6.00 minutes at a rate of 
0.1 minute per sample vial. A total of 56 fractions were collected, all of which were analysed 
on the second dimension. The mobile phase protocol for the second dimension started with 
5% acetonitrile and the gradient was increased to 100% acetonitrile at a rate of 3 mL min-1 
and held for a further 3 mins. The detection wavelength used was 280 nm and the optimum 
acquisition time for the second dimension was found to be 5.5 minutes. This set-up was used 
in all further parts of the study. The entire procedure is shown in Figure 4.1. 
 
4.2.8 Liquid chromatography mass spectrometry 
 
After sample characterisation identification of metabolites was performed using high-
resolution mass spectrometry. For this A HP110 analytical HPLC system (Agilent 
Technologies) consisting of a quaternary pump, solvent degasser and autosampler was 
coupled to a Applied Biosystems QTrap MS/MS System (AB SCIEX, Mulgrave, Victoria, 
Australia) using previously established peak retention times on the CN and the C18 columns 
to identify compounds via the use of reference standards (Sigma Aldrich); the following 
conditions were used: ion source gas 1 L min-1 and curtain gas 20 L min-1, Ion source turbo 
spray voltage 5.5 kV, compound declustering potential 50 V, S scan type Q1 MS, positive 
polarity, amu from 45 to 650, 30 cycles. The mass-to-charge ratio (m/z) value of the 
molecular ion of each compound was also obtained from the NIST Mass Spectral Library 
metabolite database (2011 version) for further confirmation of the metabolite ID. 
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Figure 4.1 Flow chart for un-automated two dimensional liquid chromatography 
analysis 
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4.3 Results and Discussion 
 
4.3.1 Metabolites in mushrooms 
 
1D HPLC chromatograms obtained from the different extraction techniques during the 
method development are shown in Figure 4.2. Panels 1A and 1B show the separations of the 
aqueous and organic extracts respectively using the Le Belle et al.110 method. For comparison, 
Figure 1C – 1E show the separations of the three Soxhlet extracts using chloroform, methanol 
and ethyl acetate respectively. The data show conclusively that the Soxhlet extraction 
outperformed the methanol/chloroform procedure both in the number of compounds and the 
total amount of each compound extracted. This is because it is carried out for a longer period 
of time and because the temperature of the solvent is high enough to break open the cells of 
the fungi (which cannot be achieved through sonication) but not high enough to destroy the 
metabolites. The ethyl acetate based Soxhlet extract was the best performing of the three 
solvents tested and was used for the rest of the work.  
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Figure 4.2 Chromatograms of mushroom extracts using different extraction techniques. 
A: Aqueous phase of the Le Belle Methanol/Chloroform sonication method, B: Organic 
phase of the Le Belle Methanol/Chloroform sonication method, C: Soxhlet extraction 
using chloroform, D: Soxhlet extraction using methanol and E: Soxhlet extraction using 
ethyl acetate 
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Figure 4.3 One-dimensional separation of mushroom extract on Luna C18. Solvent 
protocol starts from 95% water: 5% methanol to 100% methanol at 30 mins, methanol 
is kept constant for a further 20 mins 
 
 
An initial separation of the ethyl acetate mushroom extract on a C18 column is shown in 
Figure 4.3. The letters assigned to the peaks are compounds that have been identified using 
standards and these are listed in Table 4.1. Under these optimised conditions the compounds 
of interest elute in the order of sugars, organic acids, amino acids, phenolics and fatty acids. 
The two sections of the chromatogram that have been expanded illustrate the complexity of 
the mushroom sample; in the first five minutes of the separation a large number of 
compounds have co-eluted; most of these were characterised as sugars and organic acids 
which is not surprising since both these groups are soluble in water. In the second section 
(from six to fourteen minutes) co-elution of many compounds was also observed, for example 
the peaks labelled as N-Q and V-Z contain organic acids and amino acids e.g. ketoglutaric 
acid, glutamic acid, phthalic acid and cinnamic acid and valine, threonine, leucine, isoleucine 
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and glutamine. It was also observed that the alcohols labelled B co-elute with ascorbic acid 
(AW) and erythrose (J) and pentanedioic acid (L) on a one-dimensional separation. 
 
Table 4.1 Identification of metabolites of interest using LC-MS on C18 separation shown 
in Figure 5.2 
Class 
Compound 
label Compound m/z 
Retention time 
(min) 
     Alcohol A oct-1-en-3-one 126.196198 3 
 
B 
oct-1-en-3-ol, oct-2-en-1-ol, 
oct-3anone 128.212006 2.09 
 
C oct-1-anol, 2-ethylhexan-1-ol 130.227905 5.33 
 
D Phenylpropyl alcohol 136.190994 7.56 
     Terpene 
hydrocarbons E ⍺-Pinene 136.233994 7.56 
  
Camphene 136.233994 7.81 
  
Limonene 136.233994 7.89 
     Sugars F Glycerol 92.09 6.49 
 
G Ribose/arabinose 150.13 3.06 
 
H Mannose/inositol/fructose 180.16 3.81 
 
I Glucitol 182.17 3.21 
 
J Erythrose 200.084 3.74 
     Organic acids K Oxalic acid 90.03487 5.66 
 
L Pentanedioic acid 132.11 3.73 
 
M P-hydroxybenzoic acid 138.120697 7.96 
 
N Ketoglutaric acid 146.098099 8.7 
 
O Glutamic acid 147.13 8.6 
 
P Phthalic acid 148.12 8.56 
 
Q Cinnamic acid 148.1586 8.6 
 
R Protocatechuic acid 154.120102 4.47 
 
S Quinaldic acid 173.1681 24.13 
     Amino acids T Serine 105.093 6.46 
 
U Proline 115.131 9.22 
 
V Valine 117.1469 8.6 
 
W Threonine 119.1197 8.6 
 
X Leucine 131.1736 8.64 
 
Y Isoleucine 131.1736 8.64 
 
Z Glutamine 146.1451 8.7 
 
AA Asparagine 132.1184 6.43 
 
AB Lysine 146.1882 8.52 
 
AC Cysteine 121.159 6.43 
 
AD Phenylalanine 165.19 6.97 
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AE Tryptophan 204.2262 7.64 
     Phenolics AF Benzoic acid 122.12134 6.36 
 
AG 
1,3,8-trihydroxy-6-
methylanthraquinone 270.24 29.23 
 
AH 3,4-dihydroxybenzyl alcohol 318.99 29.81 
     Fatty acids AI Hexanoic acid 116.084 28.49 
 
AJ Tetradecanoic acid 228.209 24.32 
 
AK Pentadecanoic acid 242.225 33.01 
 
AL Hexadecanoic acid 256.24 28.1 
 
AM 9,12 octadecadienoic acid 280.24 32.85 
 AM 9,15 octadecadienoic acid 280.45 32.85 
 
AN Octdecanoic acid 284.272 31.8 
 
AO Ricinoleic acid 298.461 30.75 
 
AP Erucic acid 338.318 30.46 
 
AQ Docosanoic acid 340.334 33.16 
     Tocopherols AR Beta 416.679504 32.27 
  
Gamma 416.679504 32.97 
  
Delta 402.65 32.47 
     Others AS Dimethyl sulfone 94.13 6.39 
 
AT Benzothiazole 135.1863 16.82 
 
AU 2(5h)-furanone 84.073402 3.03 
 
AW Ascorbic acid 176.1241 2.82 
 
AX Thiamine 300.807587 10.47 
 
AY Riboflavin 376.363892 30.43 
 
4.3.2 Choosing the first dimension 
 
To enable the use of the greatest separation space in 2D-HLPC it is important to choose two 
columns with high selectivity for the compounds of interest but which are as different as 
possible. To this end, several column combinations were tested to determine which of these 
stationary phases was best suited for the separation of the mushroom extract components.  
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Figure 4.4 Selectivity study of 4 stationary phases A: CN, B: NH2, C: PFP, D: Phenyl-
Hexyl and E: C18. All columns were Luna columns with formats 150 mm x 4.6 mm x 5 
µm, solvent protocol starting from 5% methanol to 100% at 20 mins, the organic phase 
was held at 100% for 10 mins 
 
Figure 4.4 shows the chromatograms obtained using the CN, NH2, PFP, Phenyl-Hexyl (PhH) 
and C18 columns. The NH2 column was less effective compared to the other columns tested. 
The PFP and Phenyl-Hexyl provide similar separation profiles, which is consistent with the 
fact that they have similar stationary phases with the only difference being the fluorine atoms 
bonded to the aromatic ring of the PFP. These groups provide aromatic and hydrophobic 
selectivity, which explains the clearly resolved peaks at the end of the separation, which 
mainly consisted of lipids and aromatic ring containing compounds. However, the PFP and 
the PhH phases do not offer the best separation of polar compounds. Separation with the CN 
column, on the other hand, was found to give reasonable coverage of both the polar and non-
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polar compounds. Thus, even when run under reversed phase conditions, the CN is best suited 
for the mushroom extract, which contains compounds with a range of polarities and 
hydrophobicity.  
 
In terms of non-correlation of the phase types, a comparison of the chromatograms B and E in 
Figure 4.4 shows that, while the retention mechanism in the NH2 columns differs most from 
that in the C18, the former does not provide the best separation for the mushroom extract. 
Therefore the CN and the C18 based columns were chosen as the first and second dimensions 
respectively. Additionally to the selectivity study two forms of columns were compared; one 
with fully porous silica particles and one with a solid silica core with a porous shell. It was 
found that the peaks obtained with the core-shell were sharper than the ones with the fully 
porous silica, enabling the separation of more components. The core-shell option was 
therefore used for this study. 
 
4.3.3 Optimisation of the second dimension 
 
One of the advantages of offline 2D-HPLC methodology is that the two dimensions are not 
directly connected; so longer columns can be used compared to what could be used while 
performing online 2D-HPLC with a switching valve. This enables a greater peak capacity to 
be achieved in the second dimension and hence a greater total peak capacity in the system, 
which is crucial when analysing complex sample matrices. However using long columns also 
result in a longer analysis time. The key to optimising the second dimension is therefore to 
achieve the shortest analysis time as possible while keeping the maximum separation. 
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Figure 4.5A) Luna C18, B) Kinetex C18. All columns were Luna columns with formats 
150 mm x 4.6 mm x 5 µm, solvent protocol starting from 5% acetonitrile to 100% at 20 
mins, the organic phase was held at 100% for 10 mins 
 
4.3.4 Offline comprehensive CN x C18 separation of mushroom extract 
 
Figure 4.6 (panels A and B) shows two-dimensional plots of the non-irradiated and irradiated 
mushrooms analysed with the optimised conditions outlined in Section 5.2.6. The white dots 
in panel A represent peaks that were detected using a custom written code in Mathematica 
and the letters in panel B illustrate the peaks that have increased in intensity and therefore 
reflect an in relative concentration of the corresponding compounds. These plots demonstrate 
that compounds that were co-eluting in one dimension are further separated in the second 
dimension. For example ascorbic acid (labelled as AW) and the alcohols: 2-octen-1-ol, 1-
octen-3-ol and 3-octanone (B), which were initially co-eluting in the one-dimensional 
separation were fully separated using the 2D method, the same applies for erythrose (J) and 
pentanedioic acid (AK).  
 
Using Mathematica, a total of 158 and 150 peaks were detected in the non-irradiated and 
irradiated samples respectively. The peak area and of corresponding retention times of each 
metabolite in the first and second dimensions peaks from the non-irradiated and irradiated 
mushroom samples were compared as well as the log fold change and this data is listed in 
Table 4.2.  
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The relative signal intensity of 47 compounds increased whilst that of 72 further compounds 
decreased. Most affected metabolites were involved in the UV defence response. Compounds 
which increased in concentration include alcohols: oct-2-en-1-ol, and oct-1-en-3-ol (B), 3-
octanol (D), amino acids – threonine (W), tryptophan (AE), sugars – mannose, inositol, and 
fructose (H), fatty acids – tetradecanoic (AJ), pentadecanoic (AK), ricinoleic (AO), vitamins – 
ascorbic acid (AW), thiamine (AX), riboflavin (AY), terpene hydrocarbons (E - camphene) 
and the tocopherols (AR). Compounds which decreased in concentration included alpha 
terpene hydrocarbons (E), alcohols - 2-ethylhex-1-anol and oct-1-nol (C), pentanedioic  acid 
(L), amino acids – valine (V), glutamine (Z) and phenylalanine (AD), and fatty acids – 
docosanoic (AQ), octadecanoic (AN). The concentration of vitamin D also increased in line 
with the data from the previous studies. 
 
 
Figure 4.6 Two dimensional plots of mushroom extract separation (a) before and (b) 
after irradiation. White dots in Figure 4.6a represent compounds that have been 
detected, letters in Figure 4.6b are compounds that have increased in intensity. 
 
a b 
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There are three main findings of the present work. Firstly, that soxhlet extraction may be 
more efficient metabolite extraction method than the more widely used water-methanol-
chloroform technique. Secondly, that 2D-HPLC has great potential in metabolomics; 
compared to techniques such as NMR spectroscopy and GC-MS that are currently being used, 
2D-HPLC offers a higher peak capacity without the need for derivatisation. This enables for 
the easier separation and identification of more compounds than any other technique currently 
in use for metabolomics. Thirdly, that UV treatment has a wider effect on the mushroom 
metabolome than just increasing vitamin D levels. The data confirms that UV irradiation 
negatively affects many other compounds and this has not been previously observed. 
However, this is unlikely to negatively affect the overall health benefits of eating mushrooms 
particularly if the aim is only to increase vitamin D levels. This work represents the first time 
2D HPLC has been applied to mushrooms. Other work using 2D HPLC methods for 
metabolite profiling includes that of Fairchild et al94, Belaz et al112 and Kiffe et al.96 
 
Table 4.2 Area comparison of metabolites in un-irradiated and irradiated mushrooms 
NB: *If no compound name is given the peak was not able to be unambiguous identified 
 
  
Un-Irradiated mushroom Irradiated mushroom 
  
 
Compound 
Rt,1  
(min) 
Rt,2  
(min) Area 
Rt,1  
(min) 
Rt,2  
(min) Area 
Increa
se 
(log 
area) 
Decre
ase 
(log 
area) 
  
1.2 0.51 0.243 1.2 0.68 0.431 0.250  
  
1.3 0.53 0.257 1.3 0.69 0.896 0.543  
  
1.4 0.47 0.132 1.4 0.47 0.137 0.016  
  
1.4 0.50 23.902 1.4 0.50 7.299  0.515 
  
1.4 0.70 67.561 1.4 0.70 19.461  0.541 
  
1.4 0.79 2.989 1.4 0.79 1.411  0.326 
  
1.4 0.92 0.402 1.4 0.91 0.972 0.383  
  
1.4 0.76 8.859 1.4 0.76 0.662  1.127 
  
1.5 0.49 29.630 1.5 0.49 11.680  0.404 
  
1.5 0.70 61.667 1.5 0.70 22.145  0.445 
  
1.5 0.76 5.509 1.5 0.75 0.361  1.184 
  
1.5 0.79 6.785 1.5 0.79 1.920  0.548 
  
1.5 0.85 1.133 1.5 0.85 2.169 0.282  
  
1.5 0.95 1.590 1.5 0.96 0.902  0.246 
  
1.6 0.50 16.666 1.6 0.50 3.264  0.708 
  
1.6 0.76 5.234 1.6 0.74 0.395  1.122 
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1.6 0.80 4.417 1.6 0.83 1.676  0.421 
  
1.6 0.93 1.111 1.6 0.95 0.561  0.297 
  
1.7 0.50 5.014 1.7 0.50 0.737  0.833 
  
1.7 0.70 63.308 1.7 0.70 6.659  0.978 
  
1.7 0.80 2.801 1.8 0.75 0.104  1.430 
  
1.7 0.85 0.967 1.7 0.79 0.849  0.056 
  
1.7 0.90 0.557 1.7 0.85 1.391 0.398  
  
1.8 0.51 0.995 1.7 0.94 0.360  0.441 
  
1.8 0.74 2.165 1.8 0.50 0.207  1.019 
  
1.8 0.79 2.047 1.8 0.79 1.025  0.300 
  
1.8 0.82 0.631 1.8 0.84 2.708 0.633  
  
1.8 0.89 0.282 1.8 0.88 0.274  0.013 
  
1.9 0.70 21.122 1.9 0.69 3.709  0.755 
  
1.9 0.79 1.726 1.9 0.79 0.857  0.304 
  
1.9 0.82 0.547 1.9 0.82 0.067  0.911 
  
1.9 0.92 0.063 1.9 0.91 1.764 1.448  
  
2 0.70 11.763 2 0.71 1.078  1.038 
  
2 0.79 1.582 2 0.80 0.633  0.398 
  
2 0.82 0.403 2 0.82 0.096  0.622 
  
2 0.85 1.011 2 0.85 1.395 0.140  
  
2.1 0.70 1.280 2.1 0.70 0.163  0.894 
  
2.1 0.80 1.709 2.1 0.80 0.714  0.379 
  
2.1 0.83 0.396 2.1 0.83 0.078  0.703 
  
2.1 0.85 1.094 2.1 0.85 1.441 0.120  
B 2-octen-1-ol 2.1 0.91 0.060 2.1 0.91 0.596 0.994  
  
2.2 0.69 0.162 2.2 0.69 0.074  0.340 
  
2.2 0.70 1.022 2.2 0.70 0.222  0.664 
  
2.2 0.82 0.530 2.2 0.82 0.060  0.948 
  
2.2 0.85 1.596 2.2 0.85 1.581  0.004 
  
2.3 0.69 0.092 2.3 0.69 0.064  0.157 
  
2.3 0.82 0.664 2.3 0.79 2.243 0.529  
  
2.3 0.88 0.165 2.3 0.88 0.538 0.513  
  
2.4 0.80 1.988 2.4 0.83 0.763  0.416 
  
2.4 0.82 0.868 2.4 0.85 3.793 0.640  
  
2.5 0.50 0.129 2.5 0.50 0.082  0.197 
  
2.5 0.85 6.835 2.5 0.83 0.884  0.888 
  
2.5 0.91 0.183 2.5 0.91 0.879 0.682  
  
2.6 0.49 0.180 2.6 0.49 0.063  0.457 
AS 
Dimethyl 
sulfone 2.6 0.80 5.633 2.6 0.79 1.083  0.716 
D  2.6 0.85 5.518 2.6 0.85 7.365 0.125  
  
2.8 0.49 0.512 2.8 0.49 0.169  0.480 
  
2.8 0.80 9.860 2.8 0.79 2.375  0.618 
C 
 
2.8 0.85 17.279 2.8 0.87 0.091  2.280 
W Threonine 2.8 0.92 0.077 2.8 0.90 4.319 1.750  
H, 
AW 
Ascorbic 
acid 2.8 1.08 0.841 2.8 1.07 0.849 0.004  
L 
Pentanedioi
c 2.9 0.49 0.494 2.9 0.49 0.208  0.375 
AE Tryptophan 2.9 0.76 0.161 2.9 0.79 3.178 1.294  
AD 
Phenylalani
ne 2.9 0.85 11.199 2.9 0.85 2.461  0.658 
  84 
  
3 0.49 0.739 3 0.49 0.362  0.310 
  
3 0.79 1.436 3 0.79 0.859  0.223 
  
3 0.85 14.526 3 0.85 2.118  0.836 
Z Glutamine 3 0.96 0.412 3 0.97 0.101  0.611 
AQ Docosanoic 3 1.06 4.442 3 1.07 2.612  0.231 
  
3.1 0.48 1.240 3.1 0.49 0.205  0.782 
  
3.1 0.85 17.498 3.1 0.85 1.711  1.010 
  
3.1 1.00 0.601 3.1 1.00 0.358  0.225 
V Valine 3.2 1.00 0.729 3.2 1.00 0.188  0.589 
AN Octdecanoic 3.2 1.11 0.108 3.2 1.11 0.079  0.139 
  
3.3 0.89 0.657 3.3 0.93 0.060  1.043 
  
3.3 0.96 0.273 3.3 0.98 0.257  0.027 
  
3.3 1.12 0.157 3.3 1.13 0.418 0.427  
  
3.3 1.16 4.958 3.3 1.16 0.240  1.315 
AO Ricinoleic 3.4 1.07 6.926 3.4 1.07 26.582 0.584  
  
3.4 1.11 0.401 3.4 1.11 0.158  0.406 
  
3.5 1.02 0.860 3.5 1.02 1.074 0.097  
  
3.5 1.24 0.190 3.5 1.24 0.108  0.246 
E ⍺-pinene 3.6 1.08 1.046 3.6 1.08 0.534  0.292 
  
3.6 1.11 0.460 3.6 1.11 0.065  0.850 
AX Thiamine 3.6 1.29 0.324 3.6 1.29 1.628 0.701  
  
3.7 0.48 1.146 3.7 0.48 1.086  0.024 
E Camphene 3.7 1.16 2.680 3.7 1.16 4.945 0.266  
  
3.7 1.24 0.782 3.7 1.24 0.651  0.080 
  
3.7 1.28 0.234 3.7 1.29 0.763 0.513  
  
3.7 1.61 0.318 3.7 1.61 0.461 0.161  
  
3.8 1.24 0.474 3.8 1.28 0.065  0.865 
  
3.8 1.39 0.632 3.8 1.39 0.885 0.147  
  
3.8 1.42 0.092 3.8 1.43 0.103 0.050  
  
3.8 1.46 2.264 3.8 1.46 4.326 0.281  
  
3.8 1.61 1.839 3.8 1.61 2.342 0.105  
  
3.9 1.30 2.188 3.9 1.28 0.285  0.886 
  
3.9 1.46 4.621 3.9 1.46 8.912 0.285  
  
3.9 1.49 0.471 3.9 1.54 0.452  0.018 
 
Ergocalcifer
ol 3.9 1.56 0.229 3.9 1.56 2.592 1.055  
  
4 0.47 0.151 4 0.48 0.194 0.111  
AR Tocopherols 4 1.61 10.765 4 1.61 14.143 0.119  
  
4 1.69 0.171 4 1.69 0.571 0.525  
AY Riboflavin 4.1 1.51 0.366 4.1 1.51 0.437 0.077  
  
4.1 1.70 0.100 4.1 1.70 0.315 0.498  
  
4.1 2.03 0.369 4.1 2.03 0.623 0.227  
  
4.2 0.49 0.085 4.2 0.48 0.091 0.029  
  
4.2 1.19 2.080 4.2 1.18 0.245  0.929 
  
4.2 1.51 0.152 4.2 1.51 0.151  0.004 
  
4.2 1.58 0.391 4.2 1.58 1.591 0.610  
  
4.2 1.70 0.159 4.2 1.70 0.384 0.383  
  
4.2 2.24 1.768 4.2 2.24 4.793 0.433  
AK 
Pentadecan
oic 4.3 1.62 0.064 4.3 1.62 0.214 0.524  
  
4.3 2.00 5.069 4.3 2.02 0.668  0.880 
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4.3 2.24 6.044 4.3 2.24 9.812 0.210  
  
4.4 1.97 13.138 4.4 1.99 7.108  0.267 
  
4.5 1.94 27.590 4.5 1.95 28.187 0.009  
  
4.6 1.91 50.084 4.6 1.91 50.810 0.006  
  
4.6 2.77 7.882 4.6 2.79 4.913  0.205 
AJ 
Tetradecano
ic 4.7 3.96 2.072 4.7 3.91 16.349 0.897  
 
4.4 Conclusions 
 
This chapter describes the development of an offline two-dimensional liquid chromatography 
methodology for metabolites profiling. Agaricus bisporus mushrooms irradiated with UV 
light are used as an example to test this method and to show the viability of the method to 
detect changes in metabolite concentration. The detection of up to 150 peaks was achieved, of 
which the concentrations of 72 were found to increase and 47 compounds to decrease. 
Although the developed method took several hours per sample, the increase in peak capacity 
resulted in the separation of a greater number of compounds than 1D HPLC, NMR 
spectroscopy or GC-MS based analysis and without the need for chemical derivatisation with 
economic costs being roughly equal to the other methods. Furthermore, although a potential 
issue, the long run time could be addressed via the use of online 2D-HPLC (currently only 
offered by Agilent and Shimadzu). Overall the increased separation power of the 2D HPLC 
technique is of large potential in a range of metabolomics applications particularly for 
compounds which are too sensitive for mass spectrometry but contained in mixtures or 
matrices too complex for efficient one-dimensional liquid chromatographic analysis. 
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CHAPTER FIVE 
 
 
5 Derivatisation of fatty acids for HPLC Analysis using a novel 
fluorescent tag 
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5.1 Introduction 
Dilution and detection issues are one of the main disadvantages of comprehensive two-
dimensional liquid chromatography. In LCxLC the sample components are significantly 
diluted in the first dimension because firstly fractions of the sample peak are fractionated for 
further separation onto the second column (which is most of the time running at more than 2 
mL/min) and secondly due to the high flow rate the eluent is split prior to detection. These 
dilution factors result in an increase in the limit of detection. 
Derivatisation is a simple and relatively easy step that can be performed prior to the LCxLC 
analyses. Derivatisation has the potential to achieve reasonable limit of detections so that 
enough information is obtained from the sample. Consequently this enables the determination 
of the significance of the sample to a greater certainty. This chapter investigates the potential 
of a novel derivatisation agent, 5-(4-(diphenylamino)phenyl)thiophen-2-yl)methanol 
synthesised by Sissa et al,113 as a derivatising agent for fatty acids. The chemical structure of 
5-(4-(diphenylamino)phenyl)thiophen-2-yl)methanol is shown in Figure 5.1. 
 
The aim of this chapter is to  
 
i) Model UV-Vis spectra of the derivatised fatty acids and quantum mechanics 
calculations of the fluorescent tag molecules  
 
ii) Optimised the derivatisation procedure between 5-(4-
(diphenylamino)phenyl)thiophen-2-yl)methanol (referred to chromophore 1 in this 
chapter) and fatty acids. 
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Figure 5.1 Structure of 5-(4-(diphenylamino)phenyl)thiophen-2-yl)methanol 
 
5.2 Methods 
 
5.2.1 Chemicals and Reagents 
 
All chemicals used were analytical grade reagents and solvents were HPLC grade unless 
stated otherwise. Milli-Q water (18.2 MΩ) was obtained in-house. Acetonitrile was purchased 
from Ajax Fine Chem (Taren Point, New South Wales, Australia). Individual fatty acids 
standards (enanthic, caprylic; pelargonic; capric; undecanoic; palmitic and stearic acids) were 
purchased from AccuStandard, Inc (New Haven, Connecticut, U.S.A). Sulphuric acid, 
triethylamine and boron trifluoride-methanol (10% w/w) were bought from Supelco 
(Bellefonte, Pennsylvania, USA). 
 
5.2.2 Derivatisation procedure 
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Stock solutions of fatty acid mix (10 mg/mL), fluorescent compound (12 mg/mL), boron 
trifluoride (10%), sulphuric acid (10%) and triethylamine (10mg/mL) were made in acetone. 
Ten microliters of fluorescent compound was added to 100 µL of fatty acid mix and heated at 
40 °C for 90 minutes in presence of a catalyst (either boron trifluoride, sulphuric acid or 
triethylamine). The vial was allowed to cool and the solvent was evaporated using nitrogen. 
The sample was reconstituted in 1 mL of acetone and filtered through a 0.45 µm nylon 
membrane prior to HPLC analysis. A similar protocol was applied when optimising the 
temperature range and amount of catalyst used. The derivatisation reaction is shown in 
Figure. 5.2. 
 
 
Figure 5.2 Derivatisation of fatty acid (where R is an alkyl chain) 
 
5.2.3 Computational details 
To model the UV-Vis spectra of the derivatised fatty acids, quantum mechanics calculations 
of the fluorescent tag molecules, as well as these molecules with the fatty acid chemically 
attached were performed. The different chromophores that were modelled include: a) (5-(4-
(diphenylamino)phenyl)thiophen-2-yl)methanol (chromophore D1) 113 45(0 1)188 
formaldehyde replaced with alcohol (methanol) group, b) ICT chromophore D1 113 Structure 
2 47(0 1)180 thiophene replaced with cyclopentadiene, c) ICT chromophore D1 113 Structure 
3 38(0 1)146 thiophene and methanol replaced with methanol only replaced with 
cyclopentadiene. The fatty acid that was attached to these structures was propanoic acid.  
N
OH
R Cl
O
+ N
O R
O
+ HCl
OH 
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The calculations were performed with Kohn-Sham density functional theory (KS-DFT) 
including an empirical correction to account for long-range dispersion interactions, which are 
neglected in any standard exchange-correlation functional. The Gaussian 09 version (G09, 
E.01) software package was used in all calculations.114 The robust hybrid Becke three-
parameter exchange-correlation functional (B3LYP) 115 was used along with Grimme’s (3-
parameter, D3) empirical (undamped) dispersion correction.116 The continuum solvent model 
based on the solute molecules electron density (SMD) was used to model acetone as the 
solvent (with default parameters).117 A reasonably sized correlation consistent, polarizable, 
triple-zeta basis set (cc-pVTZ) was used in all calculations, including the geometry 
optimizations in which tight convergence criteria were applied. To confirm that an energy 
minimized structure was in fact a ground-state (local minimum), a vibrational frequency 
(FREQ) calculation was performed. The lack of a negative Eigen-frequency gave 
confirmation of the ground state. 
 
To model the UV-Vis spectra of the variously functionalised ICT Chromophores in acetone, 
time-dependent (TD) excited state density functional calculations were performed. The G09 
package enables several modes in performing TD-KS-DFT, including a non-(excited) state 
specific (so-called state agnostic) case and state-specified case were a fixed initial state is 
designated. The process of exciting from a ground (or low lowing) state to a higher energy 
state models light absorption of a single photon of a given wavelength (nm) and hence energy 
(eV). If the geometry of ground state is retained by the excited state, this models a vertical 
(adsorption) excitation. The calculated UV-Vis (absorption) spectra shown here represent the 
convolution of an arbitrarily chosen discrete set of 10-exited states. The GaussView (version 
5.0.9) visualization package performs this convolution by setting a Gaussian line-shape 
broadened about each discrete exited state peak and normalising the modulated spectrum with 
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respect to the max calculated oscillator strength (f).  The maximum peak is generally but not 
always the first excited state and the subsequent manifold of states (the fidelity of which is 
dictated by the arbitrary number of states chosen) result in the overall profile of the spectrum. 
 
The orbital electron density distribution and HOMO-LUMO gap (Eg) of the chromophores, 
the isolated fatty acid (propanoic acid) and the fatty acid molecule tagged with chromophore-
1 were calculated using the B3LYP functional and the 6-31g(d,p) basis set as implemented in 
Gaussian 09 Revision A.02.  
 
5.2.4 Instrumentation 
 
Chromatographic analysis was carried out on a 1290 Series HPLC system (Agilent 
Technologies, Mulgrave, VIC, Australia), equipped with a quaternary pump, solvent degasser, 
an autosampler and a diode array detector. A Kinetex C18 column (Phenomenex, 4.60 mm x 
150 mm, 5 µm) was used. A water-acetonitrile gradient was used with a mobile phase 
composition starting from a 5% acetonitrile to a 100% acetonitrile. Injection volume was 5 
µL. All samples were filtered through a 0.45 µm nylon membrane prior to HPLC analysis. 
 
5.3 Results and Discussion  
 
5.3.1 Calculated structures of 5-(4-(diphenylamino)phenyl)thiophen-2-yl)methanol 
 
The optimised geometries of the 3 chromophores and the chromphores attached to the 
propanoic acid are presented in Figure 5.3. As seen from their structures, the chromophores 
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retain their geometry after the propanoic acid is attached. Hence it is likely the properties of 
the chromophore would be unaffected by the presence of the attached fatty acid. 
 
For chromophore-1 (Figure 5.3), the LUMO orbital density distribution is primarily located 
on the phenyl thiophene region of the molecule while the HOMO is more evenly distributed 
over the molecule with a greater contribution on the two phenyl amine groups. When the fatty 
acid is tagged with the chromophore, the distribution of the HOMO/LUMO orbital density 
remains little changed, with no contribution from either HOMO or LUMO on the fatty acid 
chain. The segregation of the HOMO and LUMO densities allows charge transfer within the 
molecule leading to its good fluorescent properties and is consistent with the tagged acid 
retaining the fluorescent properties of the chromophore. The HOMO and LUMO orbitals for 
the other two chromophores show similar distributions suggesting they would also show good 
properties for use as tags for fatty acids. 
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Figure 5.3 Calculated structures of the different tags and their structures attached to the 
fatty acid exemplified by propanoic acid (left); calculated UV-Vis spectra of the 
associated structures (right): a) (5-(4-(diphenylamino)phenyl)thiophen-2-yl)methanol 
(chromophore D1), b) ICT chromophore D1 - Structure 2 47(0 1)180 thiophene replaced 
with cyclopentadiene, c) ICT chromophore D1 Structure 3 38(0 1)146 thiophene and 
methanol replaced with methanol only replaced with cyclopentadiene. 
 
a)	ICT	chromophore	D1	
 
b)	ICT	chromophore-2
 
 
c)	ICT	chromophore-3
  94 
 
 
Figure 5.4 Calculated HOMO and LUMO orbitals of: a) (i) chromophore-1 (left) and 
the (ii) chromophore-1 with propanoic acid attached (right); b) chromophore-2; c) 
chromophore-3. (The HOMO-LUMO gap, Eg, is also shown). 
 
LUMO	=	-1.06	eV	
HOMO	=	-4.91	eV	
LUMO	=	-1.12	eV	
HOMO	=	-4.95	eV	
Eg=	3.85	eV	 Eg=	3.83	eV	
LUMO	=	-1.02	eV	
HOMO	=	-4.64	eV	
Eg=	3.85	eV	
HOMO	=	-4.98	eV	
LUMO	=	-0.39	eV	
Eg=	4.60	eV	
a)	(i)	ICT	chromophore-1		
b)	ICT	chromophore-2	 c)	ICT	chromophore-3	
(ii)	ICT	chromophore-1	–faEy	acid	
  95 
Table 5.1 First excitation energy value for each of the 3 chromophores and the 
chromophores tagged with the propanoic acid. 
 
 
 
 
 
 
The calculated UV-Vis absorption spectra shown in Figures 5.3 to 5.4 indicate little variation 
in their respective wavelength dependent profiles when comparing each of the three core ICT 
chromophores structures, both with and without functionalization by the propanoic acid 
group, respectively. The first excited-state values of each of the 3 chromophores with and 
without the fatty acid group (Table 5.1) show the minimal change in wavelength before and 
after functionalisation. From this we can infer that fluorescence may be retained even after 
attachment of the fatty acid chain. However, to confirm this, a complete fluorescence-cycle 
calculation, in which the excited state is relaxed to its equilibrium geometry (not the vertical 
transition geometry) and then subsequently this state is de-exited adiabatically to the ground 
state (photon emission) will need to be completed. This technical multistep calculation is in 
progress.  
 
5.3.2 Separation of derivatives 
 
The addition of large fluorescent groups to analytes can affect the chromatography in various 
ways. The fluorescent group synthesised in this study is rich in aromatic rings, which imparts 
the fatty acid derivatives their UV absorbing properties and can also increase the π-π 
interactions with the aromatically derived stationary phases such as phenyl hexyl. To 
Structure 1st Excitation Absorption Value (nm) 
Chromophore-1 374.99 
Chromophore1-tagged 377.73 
Chromophore-2 395.3 
Chromophore2-tagged 397.71 
Chromophore-3 336.13 
Chromophore3-tagged 333.94 
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minimise this effect a C18 column was chosen to separate the fatty acid derivatives according 
to their chain length. Figure 5.5 shows that a reasonable separation of the fatty acid 
derivatives can be achieved using HPLC. Most of the fatty acids eluted with a high 
acetonitrile content in the mobile phase. It can also be observed that the fluorescent 
compound had negligible effect on the chromatography demonstrated by well-separated, 
sharp and symmetrical peaks. 
 
 
Figure 5.5 Separation on fatty acids using one-dimensional liquid chromatography 
 
5.3.3 Effect of catalyst 
 
The choice of an appropriate catalyst is important to ensure an effective esterification between 
the fatty acids and fluorescent compound. Figure 5.6 shows the chromatograms obtained 
when using the catalyst (A) boron trifluoride, (B) sulphuric acid and (C) triethylamine. Boron 
trifluoride is a catalyst commonly used in the esterification of fatty acids and methanol in 
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metabolomics and was found to be as effective as sulphuric acid as well as producing fewer 
artifacts and by-products. In Figure 5.6B (derivatisation with sulphuric acid) extra peaks are 
observed compared to Figure 5.6A (derivatisation with boron trifluoride), which signifies that 
the use of sulphuric acid as a catalyst might be too harsh for the biological samples, therefore 
breaking down fatty acids and their products. Consequently resulting in significantly more 
peaks than the number of standards present in the fatty acid mix. As triethylamine was not a 
very efficient catalyst in the conversion of fatty acid to the derivatives, boron trifluoride was 
selected for further optimisation of the reaction. 
 
 
Figure 5.6 Effect of catalyst A) boron trifluoride B) sulphuric acid and C) triethylamine 
on the fatty acid derivatisation yield 
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5.3.4 Effect of temperature 
 
Temperature plays a critical role on the rate of reaction and therefore dictates both the time 
and yield of conversion of fatty acids to their derivatives. However when working with 
samples from a biological origin, it is important to monitor the stability of the compounds and 
their derivatives at various temperatures. The effect of temperature of the derivatisation 
reaction was investigated from 20 to 80 °C and the results are shown in Figure 5.7. As 
expected, the fatty acid derivative yield increases with temperature, however, an increase in 
artefacts is also observed at 60 and 80 °C. This is probably due to the break down on side 
chains of the fatty acids and/or the derivatisation compound. Therefore a temperature of 40 °C 
was chosen for the rest of the experiments. 
 
 
Figure 5.7 Effect of temperature on derivatisation yield 
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5.3.5 Boron trifluoride concentration 
 
Figure 5.8 shows the effect of boron trifluoride concentration on the yield of fatty acid 
derivatives. As the percentage of boron trifluoride increases so does the general yield of the 
fatty acid derivatives, as demonstrated in Figure 5.8 (right). However a significant increase in 
artifacts is also observed when using 80% of boron trifluoride. The latter is known to have 
acidic properties hence when used at a high concentration boron trifluoride, it has a similarly 
effect as sulphuric acid and, breaks down the fatty acid derivatives to produce the extra peaks. 
Therefore a solution of 40% boron trifluoride was found to be the optimum concentration. 
 
 
 
 
 
Figure 5.8 Effect of boron trifluoride concentration on the fatty acid derivatisation yield 
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5.4 Conclusion 
The optimum conditions for the derivatisation of fatty acids were found to be ten microliters 
of 5-(4-(diphenylamino)phenyl)thiophen-2-yl)methanol, 100 µL of fatty acid mix heated at 40 
°C for 90 minutes in 40% boron trifluoride as catalyst. The computational modelling 
demonstrates that he HOMO and LUMO orbitals for the other two chromophores show 
similar distributions suggesting they would also show good properties for use as tags for fatty 
acids. Future work will model the HOMO and LUMO orbitals of these chromophores 
attached to fatty acids and more complex lipids. 
  
  101 
 
 
CHAPTER 6 
 
 
6 Future work  
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Metabolomics is a field where scientists encounter hundreds of compounds and need high-
resolution separation. It is the integrated analytical biochemistry and bioinformatics study of 
the different metabolomes and involves profiling as many small molecules as possible in a 
biological system through large-scale, non-targeted or targeted and high throughput 
determination of metabolites in a biological system. Metabolomics is beneficial to many 
fields including biomedicine (diabetes, gene/protein function, drug action, biomarker of 
cancers or microbial infections), agriculture (crop tolerance to abiotic stress, wheat pathogen, 
phosphorus availability in soil water), nutrition (probiotics, bio-fortification of cereals) and 
even environment (waste water analysis, bio-monitoring water ways, biofuel sources). 
However, the challenge of metabolomics is to comprehensively cover the analysis of as many 
compounds as possible. This is hindered, though, by the wide chemical diversity (size, 
weight, polarity, stability) of metabolites in a sample, high availability of abundance, and 
establishment of the different approaches for extraction, separation, detection and 
quantitation, and identification of novel compounds. 
 
Multidimensional chromatography offers a potential solution to this but requires two 
independent retention mechanisms, and strategies to avoid back-mixing (wrap around), while 
increasing instrumental complexity, and bringing additional difficulties in signal detection 
and data handling. Many potential users of two-dimensional technology are put off by its 
apparent complexity, but modern 2DLC today is greatly facilitated by advances in software 
and is essentially ‘walk up and use’. The technology is relatively easy to run and the high-
pressure capability of modern instrumentation allows high flow rates and correspondingly 
high-speed analysis and one no longer has to count individual peaks by hand.  
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Although not yet widespread the increased separation power of two-dimensional 
chromatography is of great potential in a large variety or areas, particularly for compounds 
that are too sensitive for mass spectrometry but contained in matrices too complex for 
standard LC analysis. The combinations of new column chemistries that could be used are 
many and varied and the use of size exclusion and chiral columns in the first dimension offers 
up many further opportunities for novel applications.  
 
Since its introduction in the 1940s, column chromatography has developed significantly into 
modern high-performance liquid chromatography with porous particle packed columns, to 
ultra performance liquid chromatography and more recently two-dimensional liquid 
chromatography, each playing an important role in many fields, including metabolomics. 
Looking further ahead, it is likely that we will see many more interesting developments in 
separation science and technology. LC-GC is a very powerful technique because it couples 
the high sample capacity and the wide range of separation mechanisms of LC with the high 
efficiency of GC. Such a coupling has been trialled in the off-line mode, but this is difficult to 
do and operationally intensive. The online coupling of an LC to a GC system on-line is much 
more convenient; the analysis is faster, completely automated and more sensitive (since the 
entire fraction of interest eluted from the LC column is transferred into the GC column). The 
continuing ability of separation science to contribute to advances in metabolomics and related 
areas in the future looks very promising. 
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